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The Biosynthesis of N-Acetylgalactosamine* 


Luis GLasert 


From the Department of Biological Chemistry, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, March 3, 1959) 


The occurrence of uridine diphosphate-.\V -acetylgalactosamine 
has been reported in liver (2) and oviduct (3). Evidence is 
presented in this paper for the presence in cell free extracts of 
Bacillus subtilis (ATCC 9945), and in extracts of rat liver, of an 
enzyme (UDP-GN Ac-4’-epimerase) catalyzing the formation of 
UDP-GalN Ac from UDP-GNAc. This strain of B. subtilis has 
been shown to synthesize a galactosamine containing polysac- 
charide (4). Cardini and Leloir (5) isolated an enzyme system 
from liver which formed free acetylhexosamines from UDP- 
GNAe and identified the sugar formed as GalNAc. The acetvl- 
hexosamine formed by this enzyme system has been shown by 
Comb and Roseman (6) to be N-acetvylmannosamine and not 
GalN Ac. 

While this work was in progress Malev and Maley (7) de- 
scribed the presence of UDP-GNAc-4’-epimerase in liver ex- 
tracts. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Bacillus subtilis (ATCC 9945) was 
grown at 37° on a rotary shaker in a medium containing per 
liter: 8 g of Difco nutrient broth, 3 g of Difco veast extract, | g 
of glucose, and 5 g of glutamic acid, adjusted to pH 7.5 with 
NaOH. 

An inoculum from a slant was grown in 100 ml of this medium 
for 12 hours, and 10 ml of this culture were used to inoculate 1 
liter of the final culture which was grown for an additional 12 
hours and harvested by centrifugation. The bacteria were 
washed by centrifugation with 0.05 m Tris'-0.01 Mw MgCl.-0.001 
u EDTA, pH 7.5. 

The bacterial pellet was suspended in 5 volumes of the same 
buffer and the bacteria ruptured by sonic oscillation for 20 min- 
utes in a 10 ke. Raytheon magnetostriction oscillator. Cell 
debris was removed by centrifugation at 12,000 x g for 15 min- 
utes, and the supernatant fluid used as the source of the enzyme. 
It could be kept frozen for several weeks without loss of activity. 

GNaAc kinase was prepared from calf kidney as described by 
Leloir et al. (8). Fraction A, described by these authors, was 
dissolved in 0.05 m Tris-0.01 m MgCl.-0.001 m EDTA, pH 7.5, 
and dialyzed for 12 hours at 4° against a large volume of the 
same buffer. The enzyme was finally centrifuged at 100,000 x g 
for 1 hour, and the supernatant fluid used as a source of GNAc 
kinase. This enzyme preparation did not phosphorylate GalN Ac 
or V-acetylmannosamine. 


* This work, on which a preliminary report has been published 
(1), has been supported by a grant (No. RG-4761) from the Na- 
tional Institutes of Health, United States Public Health Service. 

+t Research Fellow of the Helen Hay Whitney Foundation. 

' The abbreviations used are: N-acetyl-p-glucosamine, GNAc; 
Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylene- 
diaminetetraacetic acid. 
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The enzyme converting UDP-GN Ae to \-acetylmannosamine 
was prepared from rat liver as described by Cardini and Leloir 
(5), including the ammonium sulfate precipitation step of these 
authors and used immediately after preparation. This enzyme 
was essentially free from UDP-GalNAc-4’-epimerase. The 
UDP-GalN Ac-4’-epimerase of liver precipitates at much higher 
ammonium sulfate concentrations, as discussed in the text below. 

Protein was determined by the method of Warburg and 
Christian (9) and V-acetylamino sugars were determined by the 
method of Reissig et al. (10). 

Sugars were chromatographed by descending paper chroma- 
tography on Whatman No. | paper with butanol-pyridine-water 
(6:4:3) as the solvent (11). Acetylhexosamines were detected 
by the method of Partridge (12). Other sugars were detected 
by the benzidine-trichloroacetice acid spray (13). 

Nucleotides were chromatographed by descending paper 
chromatography with the neutral ethanol-ammonium acetate 
solvent (2). 

Calcium phosphate gel was prepared by the method of Keilin 
and Hartree (14) and aged at 4° for at least 6 months before use. 
It contained 11.5 mg of solids per ml. 

DEAE-cellulose (15), Type 20, was purchased from the Brown 
Company, UDP-GNAe was purchased from the Sigma Chemical 
Company; C™ labeled UDP-GNAc,? labeled in the glucosamine 
moiety was prepared as described previously (16) and had 51,000 
c.p.m. perumole. Radioactivity was determined in proportional 
gas flow counter (Nuclear-Chicago Corporation). All other 
compounds were commercial reagents of analytical grade purity. 

Synthesis of UDP-GalN Ac from UDP-GN Ac—Incubation of 
UDP-GNaAe with B. subtilis extract resulted in the conversion 
of 20 to 30% of the UDP-GN Ac to UDP-GalN Ae. 

In a typical experiment 20 wmoles of UDP-GNAe were in- 
cubated in 0.05 m Tris-0.01 m MgCl.-0.001 m EDTA, pH 8.0, 
with B. subtilis extract (20 mg of protein) in a final volume of 
7 ml for 1 hour at 37°. (Identical results were obtained with 
the purified UDP-GNAc-4’-epimerase as a source of enzyme.) 
The reaction mixture was adjusted to pH 2 and heated for 20 
minutes at 100° to hydrolyze the nucleotide-bound sugar. After 
hydrolysis the reaction mixture was neutralized and then de- 
proteinized with Ba(OH)s and ZnSO,. The supernatant fluid 
was deionized by passage through an Amberlite MB-2 column. 

Paper chromatography of this solution on borate-treated paper 
(5) showed the presence of two acetylhexosamines with the 
mobility of GNAc and GalNAc. No GalNAc was present in 
an unincubated reaction mixture, or in an incubated reaction 
mixture to which UDP-GNAc was added after acidification. 
No free amino sugar was formed during the incubation. 


2 Isotopes obtained on allocation from the Atomic Energy 
Commission. 
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TABLE I 


Synthesis of Acetylgalactosamine 


Paper chromatography of enzymatically synthesized GalNAc 


Untreated paper 
Borate-treated 
Sugar 
| F paper 
Observed 
RGNAc RGNAc RGNAc 
Enzymatically prepared 
N-Acetyltalosamine...... 1.16 
TABLE II 


Paper chromatography of enzymatically synthesized 
p-GalN and its ninhydrin degradation products 


For details see text. 


Sugar Rv-GN 

Acid hydrolysate of enzymatically prepared 


Ninhydrin degradation product from: 


Enzymatically prepared p-GalN............. 


I2} 

| [ 

9} 

8+ 

7} 

6+ 

5+ 

4; ° 

3 \ 

2t 

J 
aun 


MOLES HEXOSAMINE/FRACTION COUNTS PER MINUTE/FRACTION «1073 


09} 
0.7} 
06} 
05} | 
° \ 
03} 
° \ 
FRACTION NO 


Fic. 1. Chromatography of C'*4-hexosamine on Dowex 50. For 


details see text. 
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In order to separate the GalN Ac from the GNAc, the reaction 
mixture after acid hydrolysis was incubated with GNAc kinase 
and ATP to convert the GNAc to GNAc-6-P. After depro- 
teinization and deionization as above the remaining sugar had 
the mobility of GalNAc (Table I). 

The enzymatically prepared GalN Ac was converted to p-GalN 
by hydrolysis in 2 N HCI for 2 hours at 100°. The deacetylated 
sugar showed a mobility on paper identical to that of authentic 
p-GalN (Table II). 

The deacetylated sugar was degraded to the corresponding 
pentose with ninhydrin by the method of Stoffyn and Jeanloz 
(17). Paper chromatography of this pentose gave a single spot 
with mobility corresponding to that of lyxose and identical to 
that of the ninhydrin degradation product of authentic p-GalN 
(Table IT). 

The identity of the enzymatically formed sugar was confirmed 
by chromatography on Dowex 50. C™UDP-GNAc, 1.45 
umoles, was incubated with 20 uwmoles of glycine, 2 umoles 
of MgCl, 0.2 umole of EDTA, and 0.5 unit of purified enzyme 
(calcium phosphate gel eluate) in a total volume of 0.7 ml, pH 
9.0, for 1 hour at 37°. 

At the end of incubation 3 umoles of GNAc and 2 umoles of 
GalNAc were added. The solution was acidified by the addi- 
tion of an equal volume of 4 nN HCl and heated at 100° for 3 
hours, evaporated at 60° under nitrogen, and an aliquot (56,000 
c.p.m.) chromatographed by the method of Gardell (18). Frae- 
tions of 2.1 ml were collected; the results are shown in Fig. |. 

The p-GN peak (Fractions 64 to 70) contained 65.6% and 
the p-GalN peak (Fractions 77 to 82) contained 26.3% of the 
total radioactive sugar placed on the column, which is in close 
agreement with the equilibrium of the reaction as discussed 
under properties of the enzyme. 

Chromatography of an unincubated control showed radio- 
activity only in the p-GN peak. 

Talosamine would also yield lyxose after ninhydrin degrada- 
tion. The possibility that the enzymatically formed sugar is 
N-acetyltalosamine can be excluded by comparison of the mo- 
bilities on paper chromatography of GalNAc and \-acety!- 
talosamine reported by Kuhn et al. (19) and by Crumpton (20) 
(Table 1). In addition p-GalN has been shown by Crumpton 
(21) to be easily separable from talosamine by ion exchange 
chromatography essentially by the method of Gardell. This 
method will also separate p-GalN from a variety of other natu- 
rally occurring and synthetic amino sugars. 

Preparation of UDP-GalN Ac—For enzymatic assay it was 
most convenient to use UDP-GalNAc as the substrate, since the 
equilibrium of the epimerase reaction is in the direction of UDP- 
GNaAc formation, and also because the color yield of GNAc in 
the Reissig method is 3 times that of GalNAc. 

UDP-GalNAc was prepared as follows: 70 umoles of UDP- 
GNaAc were incubated with 90 wmoles of Tris, 18 uwmoles of 
MgCls, 1.8 umoles of EDTA, and 6 units of UDP-GNAc-4’- 
epimerase in a final volume of 15 ml, pH 8.5, for 1 hour at 37°. 
The enzyme was inactivated by heating at 100° for 3 minutes, 
the mixture cooled, and denatured protein removed by centrif- 
ugation. To the supernatant fluid were added 200 ymoles of 
cysteine, neutralized to pH 7.0, 120 wmoles of MgClo, and enough 
of the enzyme which converts UDP-GNAc to N-acetylmannosa- 
mine to convert the UDP-GNAc remaining in the reaction mix- 
ture to N-acetylmannosamine in 30 minutes at 37°. After 
incubation at 37° for 1 hour, the solution was cooled to 0° and 


| 
| 1.53 
84 888 
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1 ml of 3 .N perchloric acid was added. The precipitate was 
immediately removed by centrifugation at 0°, and the super- 
natant fluid neutralized with 3 n KOH. 

After removal of insoluble KC1O,, the solution was chromato- 
graphed on Whatman No. 3 paper with the use of the neutral 
ethanol ammonium acetate solvent. The UDP-GalNAc was 
eluted with water, the pH of the eluate adjusted to 3, and the 
nucleotide adsorbed on Darco G-60. The charcoal was washed 
with 0.001 ~ HCl and eluted with 50% ethanol with enough 
NH,OH added to bring the pH to neutrality. The eluate was 
concentrated under reduced pressure and kept frozen at pH 7. 
Both charcoal adsorption and elution were carried out at 0°. 
The vield was about 13 wmoles. The resulting nucleotide had 
one uridine residue per GalNAc, and on paper chromatography 
in the ethanol ammonium acetate solvent had a mobility iden- 
tical to that of UDP-GNAe (2). After acid hydrolysis, no 
GNAc can be detected in this sample either by paper chroma- 
tography or with GNAc kinase. 

The adsorption on charcoal was necessary since the ammonium 
acetate eluted from the paper was found to inhibit the B. subtilis 
UDP-GNAc-4’-epimerase. 

Assay of UDP-GN Ac-4'-epimerase—The standard assay for 
the enzyme makes use of the increased color yield of GNAc 
compared with GalNAc in the acetylhexosamine method of 
Reissig et al. (10), and is carried out as follows: 

The reaction mixtures contained 10 umoles of glycine, 1 umole 
of MgCl, 0.1 umole of EDTA, 0.1 umole of UDP-GalNAec, and 
enzyme in a final volume of 0.4 ml at pH 9.0. The reaction was 
stopped after 10 minutes by the addition of enough HCl to 
bring the pH to 2.0 and heated at 100° for 20 minutes. The 
reaction mixtures were neutralized and the increase in acetyl- 
hexosamine color determined by the method of Reissig et al. 
(10). GNAe and GalNAe standards were run simultaneously. 
Since the total amount of acetylhexosamine in the reaction mix- 
ture remains constant the amount of GNAc formed can be cal- 
culated by the increase in acetylhexosamine color. 

To test the validity of this assay for the epimerase, duplicate 
reaction mixtures, on twice the scale of the standard assay were 
prepared. One of the duplicate tubes after acid hydrolysis and 
neutralization, was treated with GNAc kinase and ATP. Both 
reaction mixtures then were deproteinized with Ba(OH):. and 
ZnSO,. The amount of GNAe calculated directly from the in- 
crease in color as described above was identical with the amount 
determined from the disappearance of color due to removal of 
GN Ac-6-P by kinase action. Sufficient kinase was always added 
to catalyze the phosphorylation of all of the GNAc present in 
1 hour at 37°, and the reaction then was allowed to proceed for 
2 hours at 37° before deproteinization. When GNAc was added 
to a zero time control, all of it was phosphorylated by GNAc 
kinase. When GalNAec was added to a zero time control, all of 
it was recovered in the supernatant fluid after deproteinization 
with Ba(OH). and ZnSOx,. 

One unit of enzyme is defined as the amount of enzyme which 
catalyzes the formation of 1 wmole of UDP-GNAc under the 
condition of the standard assay. 

Purification of Enzyme’—To 108 ml of B. subtilis extract (ratio 


* All steps in the purification were carried out between 04°. 
All precipitates were collected by centrifugation at 12,000 X g 
for 12 minutes, except in the gel step where the gel was centrifuged 
at 2,000 & g for 10 minutes. Ammonium sulfate was saturated 
at 5°, and neutralized with NH,OH so that a } dilution had a pH 
of 7.5 as measured with a Beckman model G pH meter set at 25°. 
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of absorbancies, 280 mu /260 mu = 0.6) was added enough 2% 
protamine sulfate to bring the ratio of absorbancies at 280/260 
of the supernatant fluid to 0.85; about 8 ml usually sufficed. 
The supernatant fluid after centrifugation had a volume of 110 
ml and contained 259 units of enzyme with specific activity of 
0.19 unit per mg of protein. 

The supernatant fluid was fractionated with ammonium sulfate 
and the fraction precipitating between 50 and 73% saturation 
(volume for volume) was dissolved in 0.05 m Tris-0.01 m MgCl-- 
0.001 m EDTA, pH 7.5, and dialyzed for 4 hours with stirring 
against two 1-liter portions of the same buffer (volume 53 ml, 
194 units, 0.27 unit per mg of protein). 

The dialyzed solution was diluted to a protein concentration 
of 4 mg per ml and a Tris concentration of 0.025 m and mixed 
with an equal volume of calcium phosphate gel. After 10 min- 
utes the gel was removed by centrifugation and eluted three 
times with 12 ml of 0.025 m phosphate, pH 7.5. The pooled 
gel eluates were dialyzed for at least 12 hours with stirring against 
two 1-liter portions of 0.005 m Tris-0.001 m EDTA, pH 7.8 (vol- 
ume 50 ml, 108 units, 0.9 unit per mg). 

The dialyzed solution was added to a 2.5 « 11-cm column of 
DEAE-cellulose equilibrated with 0.005 m Tris-0.001 m EDTA, 
pH 7.8; the enzyme was eluted with a sodium chloride gradient. 
The mixing flask contained 350 ml of 0.005 m Tris, pH 7.8, and 
the reservoir contained 1 m sodium chloride in buffer of the same 
composition. Fractions of 10 ml were collected on an automatic 
fraction collector. The results are shown in Fig. 2. 

The purification obtained by column chromatography was 
small. The data of Fig. 2 indicate, however, that the UDP- 
GN Ac-4’-epimerase and the UDP-Gal-4’-epimerase are distinct 
enzymes. Although the separation of the two enzymes was 
only partial, fractions were obtained which had either one or 
the other activity, but not both, and in the fractions containing 
both activities the activities varied independently of each other. 

Properties of UDP-GNAc-4'-epimerase—Table III presents 
data on the stoichiometry of the reaction under conditions when 
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Fic. 2. Chromatography of calcium phosphate gel eluate on 
DEAE-cellulose. Fifty mg of protein were put on the column. 
For details see text. UDP-Gal-4’-epimerase was determined as 
described by Maxwell (22); in this case the units have the same 
significance as those for the UDP-GNAc-4’-epimerase (see text). 
@——®@, mg of protein per ml of eluate; O——O, units of UDP- 
GN Ac-4’-epimerase per ml of eluate; X——X, units of UDP-Gal- 
4’-epimerase per ml] of eluate. 
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III 
Stoichiometry of UDP-GN Ac-4'-epimerase reaction 

The reaction mixtures prepared in duplicate each contained 10 
umoles of Tris, 2 umoles of MgClo, 0.2 umole of EDTA, 0.19 umole 
of UDP-GalNAe, 0.15 unit of enzyme (DEAE-cellulose eluate) 
in a final volume of 0.55 ml at pH 8.0. After incubation for 30 
minutes at 37° the reaction mixtures were adjusted to pH 2.0, 
hydrolyzed for 20 minutes at 100°, and then neutralized to pH 
7.0. The GNAc formed was determined by the GNAc kinase 
method as described in the text. GalNAc was determined as the 
amino sugar remaining after kinase treatment. 


Sugar Initial Final A 
pmole ‘ pmole 
GalNAc | 0.190 0.064 —0.126 
GNAc | 0 0.124 +0.124 
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Fic. 3. UDP-GNAc formation as a function of enzyme con- 


centration. Standard assay conditions. Enzyme was the DEAE- 
cellulose column eluate. 
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Fic. 4. Formation of UDP-GNAec as a function of time. 
Standard assay system. The enzyme was the dialyzed ammonium 
sulfate fraction. 


Synthests of Acetylgalactosamine 


Vol. 234, No. 11 


equilibrium has been attained. No further change occurred if 
more enzyme was added and the reaction allowed to proceed 
for another 30 minutes. At equilibrium there is approximately 
33% UDP-GalN Ac and 67% UDP-GNaAe. 

Fig. 3 illustrates the dependence of the rate of enzyme con- 
centration. All assays were carried out in the range of 0 to 50% 
conversion of UDP-GalNAec to UDP-GNaAe. 

As shown in Fig. 3 the assay system is not strictly proportional 
to enzyme concentration. However, it is the only assay at pres- 
ent available which is rapid and sensitive enough to assay the 
enzyme at various stages of purification, and to compare the 
activity under varying conditions within the limits of error of 
this assay system. 

Fig. 4 illustrates the effect of varying times of incubation on 
the formation of UDP-GNAe in the standard assay system. 

Fig. 5 illustrates the effect of pH on enzymatic activity in the 
presence and absence of Mg**. The stimulation by Mg** is 
maximal at a concentration of Mg** of 2 xk 10% Mm. If the 
concentration of Mg** is greater than | x 10° M a slight in- 
hibition is observed. 

It was of considerable interest to determine whether UDP- 
GN Ac-4’-epimerase was present in liver, and could account for 
the presence of UDP-GalNAe in this tissue (2). 

In order to assay for the enzyme the liver extract had to be 
freed from the enzyme converting UDP-GNAe to \-acetylman- 
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pH 

Fic. 5. Enzyme activity as a function of pH. Standard assay 
conditions. Enzyme was the DEAE-cellulose column eluate. 
x——-&, Tris buffer; O——O, glycine buffer. no MgCl; 
——, 25 XK 1? u MgCl. 


Tasie lV 
UDP-GN Ac-4'-epimerase from rat liver 
The reaction mixtures, prepared in duplicate, contained 0.19 
pmole of UDP-GalNAc, 10 ymoles Tris, 2 amoles MgCl,., 0.2 smole 
of EDTA, 0.1 of DPN, 0.2 ml of 52 to 620, (NH frac- 
tion in a final volume of 0.6 ml. Incubation was for 2 hours at 
37°. The samples were analyzed as described in Table IIT. 


GNAc formed 


Conditions 
pmole 
Unincubated 0 
No acid hydrolysis 0 
Incubated, complete system 0.067 
Incubated, no added DPN o.o14 


2804 
C 

| | 

/ ! 

/ | 

| 

4 

| 

| 

| 

| 


November 1959 


nosamine. Rat liver (29 g) was homogenized at 0° for | minute 
in « Waring Blendor, in 58 ml of 0.025 m Tris-0.005 um MgCl-- 
0.001 Mm EDTA, pH 8.0. Cell debris was removed by centrif- 
ugation at 12,000 x g for 10 minutes and small particles by 
centrifugation at 150,000 x g for 1 hour. The supernatant 
fluid was fractionated with neutral ammonium sulfate. The 
fraction precipitating between 0 and 40% saturation (volume 
for volume), containing the enzyme which hydrolyzes UDP- 
GNAc to N-acetylmannosamine, was discarded. Fractions pre- 
cipitating at 52, 62, and 72% saturation were dissolved in 10 
ml of 0.05 Tris-0.01 MgCl,-0.001 EDTA, pH 8.0, and 
dialyzed for 4 hours with stirring against two 1-liter portions of 
the same buffer. The fraction precipitating between 52 and 62% 
saturation contained UDP-GNAc-4’-epimerase activity, Table 
IV. This enzyme was stimulated 5-fold by the addition of 
DPN and in this respect resembles the liver UDP-Gal-4’-epi- 
merase (22). 

The present work does not allow a conclusion as to whether 
the UDP-GNAc-4’-epimerase in liver is identical with the UDP- 
Gal-4’-epimerase. While this work was in progress, Maley and 
Maley (7) presented evidence that partially purified liver UDP- 
Gal-4’-epimerase still retains UDP-GNAc-4’-epimerase activity. 


DISCUSSION 


The enzyme described, catalyzing the interconversion of 
UDP-GNAe and UDP-GalNAe, is similar to the previously 
described UDP-Gal-4’-epimerase (22, 23) and UDP-arabinose- 
4’-epimerase (24). 

The demonstration by Maxwell (22) that the liver UDP-Gal- 
4'/-epimerase requires DPN, has suggested that these intercon- 
versions involve an oxidation-reduction process. The liver 
UDP-GNAc-4’-epimerase is stimulated by DPN even in the 
very crude preparation available. 

The B. subtilis enzyme shows no DPN stimulation in the 
crude extract or in the partially purified fractions. No inacti- 
vation could be shown by treatment of the purified enzyme with 
Neurospora DPNase.* 

Maxwell et al. (25) have found with the yeast UDP-Gal-4’- 
epimerase that a DPN requirement can be shown after precipita- 
tion of the enzyme with ammonium sulfate in the presence of 
p-chloromercuribenzoate. 

When purified B. subtilis enzyme was incubated for 30 minutes 
at 0° in the presence of 0.001 m p-chloromercuribenzoate and 
then precipitated with neutral ammonium sulfate (75% satura- 
tion volume for volume), the redissolved enzyme was inactive 
unless cysteine was added. In the presence of cysteine full 


activity was recovered in the absence of added DPN. Since 
* Kindly made available by Dr. G. R. Drysdale. 
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even the most purified enzyme has a rather low turnover num- 
ber the possibility that the enzyme contains bound DPN can 
not be excluded. 


SUMMARY 


An enzyme has been purified from cell free extracts of Bacillus 
subtilis (ATCC 9945), catalyzing the interconversion of uridine 
diphosphate-V-acetylglucosamine and uridine diphosphate-N- 
acetylgalactosamine. An enzyme catalyzing the same reaction 
has been found in extracts of rat liver. 

The enzyme obtained from B. subtilis is distinct from uridine 
diphosphate galactose-4’-epimerase. The partially purified 
uridine diphosphate-\-acetylglucosamine-4’-epimerase from B. 
subtilis is fully active in the absence of added diphosphopyridine 
nucleotide. 

The enzymatic preparation of uridine diphosphate-N-acetyl- 
galactosamine is described. 
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Mammalian cells cultivated in tissue culture offer the ad- 
vantage of relative uniformity, of controllable growth conditions, 
and of providing homogeneous suspensions which are especially 
suitable for metabolic studies. A number of reports concerning 
the carbohydrate metabolism of HeLa cells and other cells grown 
in culture have appeared recently (1-7); however, practically no 
information is available on the regulatory mechanisms of gly- 
colysis in these cells. The present communication has been 
concerned with studies of the rate-limiting factors in glycolysis 
and with the analysis of some biochemical variations in HeLa 
cells cultured under different conditions. 


EXPERIMENTAL PROCEDURE 


Cells and Media—HelLa cells' were grown in soft glass pint 
bottles (from T. C. Wheaton, Millville, New Jersey), attached to 
glass, in a medium composed of Hanks salt solution with 0.1% 
yeast extract and either 20% horse serum or 20% horse serum 
plus 10% human serum (8). (For simplicity, the cells grown in 
the latter medium are referred to as cells grown in human serum.) 
The overlying growth medium (25 ml) was either totally re- 
placed at midweek or only half the old medium was replaced 
with new; in other cases only 12.5 ml of fresh medium were 
added, but no old medium removed. (For simplicity, the 
methods for the change of medium are referred to as “total 
change,” “half change,” and “‘no change,” respectively.) About 
2 million cells were inoculated per bottle and the cells were 
usually harvested 7 days later. At the 7th day, the vield of 
HeLa cells grown in horse serum was 5-fold with “no change” 
and 7-fold with “total change” of medium; and in human serum 
it was 8-fold with “‘no change” and 11-fold with “‘total change” 
of medium. The cells were detached from the glass by incuba- 
tion with 5 ml of EDTA? solution (8) and the cell suspension 
was centrifuged. The packed cells were then washed twice with 
20 volumes of incubation medium of the following composition 
(in ymoles per ml): Tris buffer, pH 7.4, 40; NaCl, 88; KCl, 16; 
potassium phosphate, pH 7.4, 4; and MgCl, 2. 

Determinations—Analyses of glucose (9, 10), inosine (11), 
lactic acid (12), glycogen (13, 14), inorganic phosphate (15), and 
adenine nucleotides (16) were carried out as described in the 
references. 


* This work was supported by a research grant (No. C-3463) 
from the National Institutes of Health, United States Public 
Health Service. 

1 The HeLa cells were kindly given to us by Dr. G. K. Hirst. 

? The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; Tris, tris(hydroxymethyl)aminomethane; P;, inorganic 
phosphate; IAA, iodoacetate. 


Assay of Enzymes—All the enzymes were assayed spectro- 
photometrically in a l-ml Beckman cuvette at 26° with the 
exception of glucose-6-P isomerase which was assayed colori- 
metrically (17) at the same temperature. The enzyme assays 
were carried out in Tris buffer at pH 7.4 so that all the activities 
could be compared under the same conditions. A unit of en- 
zyme activity is defined as the turnover of 1 ywmole of substrate 
per minute. Methods for the assay of each of the glycolytic 
enzymes have been described elsewhere (18, 19). 

Phosphorylase a was assayed in a system’ containing (in 
umoles per ml): Tris buffer, pH 7.4, 50; cysteine-HCl, freshly 
neutralized to pH 7.4, 10; sodium phosphate, pH 7.4, 10; glyco- 
gen, 2 mg per ml; TPN, 0.2; MgCl, 10; phosphoglucomutase, 
0.7 unit; dialyzed glucose-6-P dehydrogenase, 0.4 unit. Phos- 
phorylase b was assayed in the same system in the presence of 
AMP, 0.6. Density readings at 340 my were taken at |-minute 
intervals between 3 and 8 minutes. With the use of the above 
assay system, the affinity of P, for crystalline phosphorylase was 
found to have a A,, value of 4 X 10-* M and that of glycogen was 
0.17 mg per ml. The latter value was similar to that reported 
by Cori et al. (20) in spite of the fact that glycogen serves as 
acceptor of glucose-units in their method and serves as donor of 
glucose in our assay system. 

Phosphoglucomutase was prepared according to Najjar (21) 
and was assayed in a system containing (in wmoles per ml): 
Tris buffer, pH 7.4, 50; cysteine-HCl, freshly neutralized to pH 
7.4, 10; TPN, 0.2; MgCl, 10; glucose-1-P, 0.8; glucose 1,6- 
diphosphate, 0.05; and glucose-6-P dehydrogenase, 0.4 unit. 
With this system, the A, value of glucose-1-P for crystalline 
phosphoglucomutase was found to be 8 10-* 

6-Phosphogluconate dehydrogenase was assayed in a system 
similar to that reported by Kornberg and Horecker (22). 

Reagents—Glycogen was purchased from Matheson Company, 
and glucose-1-P from Sigma Chemical Company. Glucose | ,6- 
diphosphate was a gift from Mr. L. Laufer of Schwarz Lab- 
oratories. Crystalline muscle phosphorylase a was purchased 
from Worthington Biochemical Corporation, and glucose-6-P 
dehydrogenase from Boehringer and Soehne, Germany. Sources 
of other reagents and enzymes were as reported in an earlier 
paper (18). 

RESULTS 


Pasteur Effect on Endogenous Glycolysis—in HeLa cells the rate 
of glucose utilization (Table I) as well as that of lactate produe- 
tion from glucose (corrected for endogenous values) was similar 


* Based on an unpublished method of Dr. E. Racker. 
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Taste 
Aerobic and anaerobic glycolysis in HeLa cells 

HeLa cells grown in horse serum (with ‘‘total change’’ of me- 
dium) were washed twice with 20 volumes of incubation medium 
‘see “Experimental Procedure’’). Cells with 7 mg of protein 
were introduced into Warburg vessels (of 5 ml capacity) in a fluid 
volume of 0.9 ml and incubated at 38° for 75 minutes. The re- 
sults are expressed as smoles (gatoms in the case of oxygen up- 
take) per 120 mg of protein (corresponding to 1 ml of packed cells) 
per hour. 


Lactate 


Addition uptake uptake tio uptake 
None air 22 48 
Glucose (0.004 . air 32 42 
Inosine (0.004 air 17 438 
None N; 46 
Glucose 2s v2 


Inosine Ny 17 61 


aerobically and anaerobically. However, the rate of endogenous 
lactate production was twice as high anaerobically (with a 
Meverhof oxidation quotient of 3.0), thus showing a pronounced 
Pasteur effect only on the endogenous carbohydrate metabolism. 
Inosine was utilized by the cells, but no Pasteur effect was ob- 
served. The oxygen consumption of HeLa cells was only slightly 
suppressed (Crabtree effect) in the presence of glycolyzable sub- 
strates. 

Lack of Pasteur Effect on Glucose Catabolism—\n order to ob- 
tain more direct information on the metabolism of added glucose, 
it seemed desirable to exhaust the endogenous substrates of the 
cells by prior incubation. It can be seen in Table Il that the 
endogenous lactate production has almost stopped after 120 
minutes of preincubation. When glucose was then added to the 
washed cells and the suspension incubated for another 8O min- 
utes, the rate of glycolysis was found to be exactly the same 
under aerobic and anaerobic conditions. It should be mentioned 
that the lowering of the endogenous substrate, especially with 
cells preincubated in nitrogen, resulted in a lowering of the 
respiration which was then greatly stimulated by the addition of 
glucose. 

Source of Endogenous Carbohydrate Reserve—It was observed 
that the amount of endogenous lactate production varied de- 
pending on the condition in which the cells were grown.‘ As 
shown in Table III, the cells grown in human serum with “total 
change” of growth medium produced about ten times more 
lactate than those celle with “no change” of medium. Cells with 
“half change” of medium produced an intermediate amount of 
lactate. The quantity of lactate formed on incubation of the 
cells was totally accounted for by the lowering of the carbo- 
hydrate reserve. 

Glycogen was identified as the carbohydrate reserve as fol- 
flows: (a) the HeLa cells contained material which was soluble 
in 30% KOH or 1 ws HCl, and which was precipitated by ethanol 
in final concentration of 60%. (6) The material was essentially 
nondialyzable. (c) The ethanol-precipitable fraction showed no 
reducing properties in the Nelson test (9). Reducing groups 
were liberated after hydrolysis in 0.5 ~» HCI for 24 hours at 100°. 


* This experiment was carried out in collaboration with Dr. J. 
Alpers. 
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Taste II 
Endogenous lactate production 
Conditions were identical to those in Table I, except that no 
substrate was added and 5 mg of cell protein per ml were incu- 
bated in 50-ml flasks (19) with a fluid volume of 5ml. Samples of 
0.2 ml were withdrawn at intervals for lactate determination. 
Results are expressed as wmoles per 120 mg of protein. 


Lactate production 
Incubation time Gas phase 
Air Ni 
0 2 2 
40 20 37 
sO 28 48 
120 3l 48 


III 


Endogenous glycolysis and carbohydrate reserve of HeLa cells 
grown under different conditions 


The HeLa cells were grown in human serum and approximately 
10 mg of cell protein were used for each experiment, and changes 
in the growth medium were made as described in ‘‘Experimental 
Procedure.’’ The results are expressed as wmoles per ml of packed 
cells (120 mg of protein). 


| Lactate Carbohy- 
Age of cells Incubation at 38°, produc- | drate 


Change of medium 


tion | found® 
| None 0.2 | 6T 
“No change” 7 days | 1 hr; air 1.8 
I hr; Ne 5.2 
Half change days | hr. N; | a9 | 
None | 0.4 | 46 
‘Total change”’ 7 days 1 hr; air «24.0 32 
l hr; Ne 58.0 14 
“Total change’ 4 dayst | 52 
‘Total change’ 6 days 56 
“Total change” 8 days | 48 


* Expressed as wmoles of glucose equivalents. 
t Average of 4 experiments. 
t Cells harvested before change of growth medium. 


(d) Upon treatment of the alcohol-insoluble material with 
erystalline phosphorylase, glucose-1-P® was obtained in amounts 
which corresponded to approximately 30% of the total reducing 
groups. The carbohydrate reserve found (Table III) in the 
glyeogen-rich cells was about the same from the 4th through the 
Sth days, and it amounted to about 50 umoles of glucose equiv- 
alents per ml of packed cells, or approximately 5% of the dry 
weight of the cells. 

Effect of Metabolic Inhibitors on Glycolysis—In order to com- 
pare the pattern of endogenous and exogenous glycolysis some 


* Glucose-1-P obtained from glycogen was continuously re- 
moved and measured as TPN reduction in the presence of excess 
amounts of phosphorylase, phosphoglucomutase, and glucose-6-P 
dehydrogenase. 
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TaBLe IV 


Effect of inhibitors on HeLa cell glycolysis and on concentrations of 
intracelluiar adenine nucleotide 

HeLa cells grown in human serum (with “‘total change’’ of 
medium) were used. IAA (3 XK mM), NaF (1.5 XK 10°? m), 
dinitrophenol (2.5 K 10°* mM), and glucose (2.3 K 10° mM) were 
added where indicated. Approximately 9 mg of cell protein (in a 
fluid volume of 2 ml) were incubated in Warburg vessels at 38° 
for 60 minutes. Results are expressed as wmoles (watoms in case 
of oxygen uptake) per ml of packed cells. 


Intrac ellular 


| Pi AMP ADP ATP 

None..... air | 38 5O = 4.90.080.55 1.52 

air | 17 16 3.50.580.46.0.20 

12 14 3.30.180.240.24 
Dinitrophenol..... air 76 41 7.7 
| 

Glucose........ air 108 | 4i 40 4.30.060.291.48 

Glucose + IAA...) air 28 6 | 18 3.10.060 0.08 

Glucose + NaF..| air 16 | 280 0 0.08 
Glucose + dini- | | | 
trophenol......| air 147 38 37 74 | | 

N: | 65 7.50.180.500.95 
Dinitrophenol..... Nz 9.2 | | 

Glucose.......... N: 136 4.40.140.28 1.06 


metabolic inhibitors were tested. It is shown in Table IV that 
the addition of either [AA or NaF resulted in marked inhibition 
of glycolysis from both endogenous substrate and from glucose. 
Under aerobic conditions 2,4-dinitrophenol stimulated the 
formation of endogenous lactate, but had little or no effect on the 
catabolism of added glucose. The intracellular AMP con- 
centration was increased by about 100% in the presence of 
nitrogen and that of P; was increased by 60% in the presence 
of nitrogen or dinitrophenol. The inhibited oxygen consump- 
tion in the presence of [AA or NaF was probably due in part to 
the lack of substrate for respiration, and in part to the loss of 
adenine nucleotides from the cells. A 90% loss of the intra- 
cellular nucleotides was observed when HeLa cells were incubated 
with NaF or IAA and glucose. A similar loss of nucleotides was 
found when ascites tumor cells were incubated with IAA and 
glucose (19). 

Stimulation of Glycolysis by P; and AM P—The effect of extra- 
cellular P; concentration on the rate of glycolysis was tested. 
As shown in Table V, a 10-fold increase of extracellular P, level 
resulted in a 50% increase of the intracellular P; concentration 
as well as a 60% stimulation in glucose uptake and lactate 
production. Oxygen consumption was not affected by P, under 
the same condition. 

The effect of added AMP and P,; on endogenous and exogenous 
glycolysis are given in Table VI. It can be seen that the 
endogenous glycolysis of HeLa cells was stimulated by AMP 
and P; to a similar extent; in the presence of both, the Pasteur 
effect was completely abolished. The aerobic and anaerobic 
utilization of added glucose was mainly stimulated by P, in cells 
grown in human serum and by P; plus AMP in cells grown in 
horse serum. In general, the stimulation of glycolysis was higher 


in cells grown in human serum. 
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Taste V 
Effect of P, concentrations on HeLa cell glycolysis 

Cells grown in horse serum (with “‘total change"’ of medium) 
were used in this experiment and the conditions were similar to 
those in Table I, except that 5.4 mg of cell protein were used per 
vessel. Results are expressed as smoles per 120 mg of protein 
per hour. Intracellular P, concentrations were measured at the 
end of the incubation and expressed as ymoles per ml of packed 
cells. 


produc tion 
dogen tration 
ous 
pmoles 
0.45 None 8.2 
air 05 | 
2 16 25 ww 4.0 
None a4 7.6 
Ne | 
2 | ae Pal) 6.0 
4.5 None 13 31 6.6 
air 75 
2 26 36 27 6.1 
| None 2 10.1 
Ne 75 
2 26 “4 &.2 
45 None 21 32 11.6 
air 
2.5 41 65 11.0 
None 35 13.0 
Ne | 
2.5 43 4 


* Corrected for endogenous lactate production. 


Comparison of Glycolytic Rates in Intact Cells and Homogenates 
—When the rate of aerobic glycolysis in intact HeLa cells was 
compared with that in homogenates which had been fortified 
with cofactors (Table VI1) it was found that lactate production 
from added glucose in the intact cells (with 4 wmoles of P, per 
ml of medium) was about 40% that of the homogenates. How- 
ever, at higher P, concentration and with the addition of AMP 
the rate of glycolysis in intact cells was increased to about 70% 
that of the homogenates. The rate of glycolysis in intact cells 
can be further increased to 90% that of the homogenates by 
adding dinitrophenol (1.6 « 10-4 m) together with high P, and 
AMP. It should be noted that the glycolytic rate in homog- 
enates and in intact cells grown in human serum was approxi- 
mately 40% higher than that in cells grown in horse serum. 

Comparison of Capacity of Enzymes of HeLa Cell Ertracte— 
The differences in the glycolytic rate as well as that of the rate- 
limiting step of glycolysis of cells grown under varied conditions 
appeared to be reflected in their enzyme contents (Table VIII). 
Among the glycolytic enzymes, hexokinase was found to have 
the lowest activity in extracts of cells grown in human serum. 
On the other hand, phosphofructokinase was as low as hexo- 
kinase in the extracts of cells grown in horse serum. The de- 


Lactate 
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Taste VI 
Effect of AMP and P, on HeLa cell glycolysis 
HeLa celle were grown in either human serum or horse serum, 
where indicated, with “‘total change” of medium. Approxi- 
mately 2 mg of cell protein in a final volume of 1 ml were incu- 
bated in 10-ml beakers at 38° for 40 minutes. The results are ex- 
pressed as smoles per 120 mg of protein per hour. 


Lactate production 


one 
Addition comen Gas phase — 
Celle grown Celle grown 
human in horse 
serum serum 
om! 

None 0 air +4 
m) 0 air | 
AMP (0.01 0 air tt 5 
+ AMP 0 air 
r+ AMP 0 Ns 
Nome air 135 
6 air Itt 
AMP 6 air 152 124 
PrP, + AMP air 21s 135 
None Ny 157 loo 
I’, 
AMP 6 Ny 161 11S 

Taste Vil 


Comparison of glycolysis in intact HeLa cells 
and in homogenates of cells 


Hela cells (20 mg of protein) were washed twice in 20 volumes 
of 0.25 M mannitol solution containing 0.1 mg of EDTA per ml 
pH 7.4), resuspended in | ml of the same medium, and were 
ground in a porcelain mortar with | g of washed Superbrite glass 
beads (No. 12, from 3m Company, Saint Paul, Minnesota) at 0° 
for 10 minutes. The homogenates were centrifuged at 600 « g 
for 10 minutes to remove glass beads, unbroken cells, and debris. 
Homogenates (1.6 mg of protein) were incubated in 10-ml beakers 
with the addition of 16 smoles of Tris buffer, pH 7.4; 8 amoles of 
potassium phoephate, pH 7.4; 1.6 smoles of ATP; 1.2 smoles of 
DPN; 2.5 emoles of MgCl», and 20 smoles of KCl in a final volume 
of O06 ml. Intact celle (2 mg of protein) were suspended in the 
same medium as in Table I. Incubations were in air at 38° for 
40 minutes. Results are expressed as smolesx per 120 mg of pro 
tein 


Lactate production per hour 


Celle crown in 


Celle grown in 
Preparation AMP horse serum human serum 
“Ne "Total “No “Total 


change” change’ change’ change” 


ml medium 


Homogenates 7 2 17 
14 16) 300 $20 

Intact cells 4 a 35 5 44 
4 Os 16 

s 137 14h 217 236 
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Taare VIII 
Activities of enzymes in extracts of HeLa cells 


Conditions for preparing the homogenates were as given in 
Table VIL. The homogenates were then centrifuged at 10,000 < 
g for 15 minutes and the supernatant solution used for the assay 
of enzymes. All enzymes were assayed at 26° with the use of the 
forward reaction, t.¢. the direction of converting glucose or glyco- 
gen to lactate. Enzyme activities are expressed as units per 80 
mg of protein of the supernatant solution (corresponding to 120 
mg of cell protein). 


Cells grown in 
human serum 


Cells grown in 
horse serum 


“No “Total “No “Total 
change™’ change” change”’ change’’ 
Phosphorylase a and b 0.42 0.41 0.30 0.48 
Phosphorylase a 0.335 0.06 0.34 
Phosphoglucomutase 13.7 20 19 20 
Clucose-6-P-dehydro- 12.8 16 IS 
genase 
Hexokinase 3.2 664. 
Cilucose-6-P isomerase 140 200 —«190 
Phosphofructokinase 3.4 3.9 
Aldolase +8 5.1 6.7 | 6.8 
Glveeraldehyde.3-P 72 78 104 lil 
dehydrogenase | 
Cilveeraldehyde-3-P 49 44 45 
lsomerase | | 
3-Phos phoglycerate 650 730 820 ~~ 800 
kinase | 
3-Phosphoglycerate 36 34 41 46 
mutase | 
E-nolase 24 21 19 | 16 
Pyruvate kinase 102 138 153 160 


Lactic dehydrogenase 275 340 360 380 


crease in the capacity of phosphofructokinase in these cells may 
be a determining factor in the lower glycolytic rate (from glucose) 
of these cells. 

It ean be caleulated that the activity of hexokinase, in the 
extract of cells grown in human serum (last column), for example, 
was about S times that of the glycolytic rate of the intact cells. 
On the other hand, the activity of phosphorylase a and 6} in the 
same cell extract was only 3 times the aerobic endogenous 
giveolytic rate of the intact cells and about twice the rate of 
anaerobie lactate production. The relatively low rate of the 
endogenous glycolysis was probably due to the low activity of 
phosphorylase which was further restricted by suboptimal con- 
centrations of P,; and AMP. It is interesting to note that the 
activity of phosphorylase a in cells grown in human serum with 
“no change” of medium was considerably lower than that in 
glycogen-rich cells. 

Among other enzymes assayed, DPNH and TPNH oxidase 
could not be detected in the supernatant solution of the ho- 
mogenates; the capacity of a-glycerophosphate dehydrogenase 
was found to be less than | unit, and that of 6-phosphogluconate 
dehydrogenase to be about 2 units per 100 mg of protein. Prac- 


tically no glycolytic enzymes were found in the washed mito- 
chondrial fraction of cells with the exception of hexokinase which 
had a specifie activity of 25% that of the soluble hexokinase. 
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The total activity of this enzyme, however, was less than 5% 
that of the total cellular hexokinase. 


DISCUSSION 


As demonstrated above, glycogen was found to be the main 
source of substrate in the endogenous glycolysis of HeLa cells. 
Glycolysis from this source appeared to be limited by AMP and 
P; since the rate of lactate production was stimulated by the 
addition of both compounds. The conversion of glucose to 
lactate, on the other hand, appeared to be mainly limited by P; 
in cells grown in human serum, and limited by both P; and 
adenine nucleotides in cells grown in horse serum. 

It is of interest to note that HeLa cells showed no Pasteur 
effect with added glucose but the endogenous glycolysis showed 
a pronounced Pasteur effect. Since phosphorylase was the 
limiting enzyme for endogenous glycolysis, and was stimulated 
by AMP and P,, it can be understood that the reduced rate of 
lactate production under aerobic conditions was due to the fact 
that the intracellular P; and AMP concentrations were both 
lower aerobically than anaerobically. On the other hand, the 
conversion of glucose to lactate was considered as partly limited 
by P; and partly by ATP. The fact that no Pasteur effect was 
observed on glucose catabolism may be explained by the pos- 
sibility that the advantage offered under anaerobic conditions in 
providing a higher P; concentration is cancelled by the lowering 
of ATP concentration. 

It was surmised that, since the catabolism of glucose was 
partly limited by Pj, the utilization of inosine might be even 
more dependent upon P; since the latter is required in two steps, 
i.e. the nucleoside phosphorylase and the glyceraldehyde-3-P 
dehydrogenase steps. If the metabolism of inosine were limited 
by P;, a Pasteur effect might be observed. The evidence against 
this possibility is seen in Table I. 

A shift in the limiting enzyme of glycolysis was observed with 
cells cultured in different sera. In the cells grown in horse 
serum, phosphofructokinase appeared to exert a major influence 
in the conversion of glucose to lactate. On the other hand, in 
the cells grown in human serum, the reaction catalyzed by 
glyceraldehyde-3-P dehydrogenase became the rate-limiting step 
since P; produced the largest stimulation in glycolysis. 

A striking difference in the glycogen storage of the cells was 
observed when they were cultured under somewhat different 
conditions. A “total change’ of growth medium during mid- 
week maintained a high glycogen content in the cells grown in 
human serum; such cells had about ten times more glycogen 
than cells grown with ‘“‘no change” of medium. An increased 
availability of glucose appeared to be partially responsible for 
the higher glycogen content; and it was found possible to in- 
crease the glycogen content to as much as 10% of the dry weight 
of the cells if the glucose concentration in the growth medium 
was increased from 5.5 mm to 10 mm. The finding by Niren- 
berg (23) that the glycogen content of HeLa cells was practically 
nil (less than 1% of our highest value) further emphasizes the 
extent of this biochemical variation. 

The observations reported in this communication exemplify 
certain advantages in using tissue culture cells for metabolic 
studies since simple and controllable variations of the growth 
medium can produce appreciable biochemical alterations of cellu- 
lar components and of enzyme activities which may be difficult 
to achieve with laboratory animals. 
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SUMMARY 


1. The rate of lactate production from glucose or inosine in 
HeLa cells was approximately the same under aerobic and 
anaerobic conditions. However, lactate production from the 
endogenous carbohydrate reserve showed a pronounced Pasteur 
effect. 

2. The carbohydrate store which was used during endogenous 
glycolysis was identified as glycogen. Over 10-fold variation in 
the quantity of the glycogen content of HeLa cells can be ob- 
tained by simple alterations in the conditions for growth. 

3. The rate-limiting step in endogenous glycolysis appeared to 
be phosphorylase. The rate of lactate production was stimu- 
lated by the addition of adenosine monophosphate and inorganic 
phosphate to the incubation medium. With the addition of 
these compounds the Pasteur effect was completely abolished. 

4. For the conversion of glucose to lactate the limiting step 
in cells grown in horse serum appeared to be phosphofructokinase. 
For the cells grown in human serum, inorganic phosphate ap- 
peared to limit the step catalyzed by glyceraldehyde 3-phos- 
phate dehydrogenase. 

5. When adenine nucleotides and inorganic phosphate were 
both added to the cells, the rate of glycolysis in the intact cells 
approached that of the cell-free homogenates. 
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In an earlier report (1) we compared the responses of hepatic 
glycolytic enzyme activities of normal rats fed either glucose or 
fructose for 3 days. The enzymes studied were phospho- 
glucomutase, glucose 6-phosphatase, phosphoglucose isomerase, 
and the dehydrogenases of glucose 6-phosphate and gluconate 
6-phosphate. When the diets containing free hexoses were 
substituted for the stock diet, the activities of isomerase and 
both dehydrogenases were augmented, but the response to 
fructose feeding exceeded by far that observed with glucose. 
Only the fructose diet augmented the phosphatase activity, 
whereas neither diet affected the mutase activity. 

The present report concerns the responses to hexose feeding 
of these hepatic enzymes in the diabetic rat. It is shown that 
the magnitude of response to cither hexose by the diabetic rat 
does not approach that by the normal rat. Our findings indicate 
that the liver of the diabetic rat is characterized by a reduced 
response to the substitution of hexose-containing diets. 


EXPERIMENTAL PROCEDURE 


Male Long-Evans rats weighing from 175 to 200 g, which had 
been raised on a commercially prepared stock diet (Table 1), 
were used in this study. Diabetes was induced by a single intra- 
venous injection of 40 mg of recrystallized alloxan monohydrate 
(Eastman) per kg of body weight. Food and water consumption 
and the volume of urine excreted by each rat were measured 
daily. All diabetic rats were subjected to a 7-hour fast about 
10 days after the injection of the alloxan, and only those which 
had a fasting blood sugar in excess of 200 mg per 100 ml were se- 
lected for study. The diabetic rats used here ingested about 
twice the amount of food and drank about 10 times the volume 
of water as did normal rats; they excreted at least 2 g of glucose 
in the urine daily. About 3 weeks elapsed between the time of 
induction of the diabetes and the time the rats were used for 
experiments. 

At the start of the experiment the rats were divided into 3 
groups and treated as follows for the next 3 days. One group 
continued to receive the Labration stock diet; a second group 
was fed a synthetic mixture containing 60% glucose; and a 
third group received a similar diet in which fructose was sub- 
stituted for glucose (Table I). At the end of that time the rats 
were killed, their livers were rapidly removed, and enzymatic 
activities of the livers were measured as described in an earlier 
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study (1). Liver proteins were determined by the method of 
Lowry et al. (2). 


RESULTS 


Activities of Glycolytic Enzymes of Livers of Diabetic Rats Fed 
Three Different Diets—Enzyme activity was calculated as umoles 
of substrate utilized or as wmoles of a product formed per minute 
per unit weight of liver protein (specific activity), of liver, and 
of the rat. Since the response of each enzyme to a given diet 
was about the same regardless of the method of calculation, 
only specific activities are given in Table II. 

Effect of Diabetes on Hepatic Glycolytic Enzyme Activities of 
Rats Fed Three Different Diets—The relation of the levels of 
enzyme activity in the diabetic rat to those in normal rats is 
shown in Table III. A rise in the levels of activity of glucose 
6-phosphatase (5, 6) and a reduction in those of mutase (7) and 
gluconate 6-phosphate dehydrogenase (8) have been observed 
by other investigators, and it is shown here that the extent of 
change in activity induced by diabetes in these three enzymes is 
about the same for the three diets employed: the Labration 
stock diet (devoid of free hexoses), the diet containing 60% 
glucose, and the one containing 60% fructose. 

The influence of diabetes upon the activities of isomerase and 
glucose 6-phosphate dehydrogenase depended on the diet. Thus, 
no change was observed in the levels of activity of these two en- 
zymes in the livers of diabetic rats fed Labration, but reductions 
did occur in their levels of activity (most pronounced in the case 
of the dehydrogenase) when the animals were fed the hexose- 
containing diets. 

Effect of Substitution of 60% Glucose or Fructose Diet for Stock 
Diet upon Hepatic Glycolytic Enzyme Activities of Diabetic Rat— 
The responses of enzyme activities of normal and diabetic rats 
to glucose-containing and fructose-containing diets are shown 
in Fig. 1. It is clear that the enzymatic responses of the diabetic 
rat to the substitution of either of the hexose-containing diets 
were impaired. A significant response to the glucose diet was 
found in only two enzymes of the diabetic rat, glucose 6-phos- 
phate and gluconate 6-phosphate dehydrogenases. When the 
fructose diet was substituted, four of the enzymes responded. 
The increases in the activities of the two dehydrogenases that 
followed the feeding of the fructose-containing diet were greater 
than those that followed the feeding of the glucose diet. 


DISCUSSION 


In a previous communication it was pointed out that, in normal 
rats, the substitution of a diet containing 60% free hexose for 
a stock diet devoid of free hexose altered significantly the activi- 
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TaBLe I 
Composition of diets 


Constituent Labration* | Synthetic diett 
| % | % 
Carbohydrate......... 46.5 | 60 
Fat.. 5.2 0 
| 4.0 9.8 


* A nutritionally complete diet obtained from Diablo Labora- 
tories, Berkeley, California. 

t The synthetic diet contained either glucose or fructose as 
the sole carbohydrate. In addition to the constituents listed 
above, this diet contained 2.0% liver VioBin, 0.2% of a vitamin B 
mixture (3), and 6.0% of Hawk-Oser salt mixture (4). 


TaBLe II 


Specific activities of glycolytic enzymes of livers of diabetic rats fed 
three different diets 


Averages and their standard errors are given in the table. 


Labration 60% Glucose | 60% Fructose 
E 
No-| Specific Specific No Specific 
rats activity rats activity rats activity 
Phosphoglucomutase | 9 120 + 12) 7 110 +8 | 6 120 + ll 
Glucose 6-phospha- | 
45 |7/5025 | 7/| 66 + 6 
Phosphoglucose 
isomerase......... 6 600 + 12) 7 600 + 30) 7 \770 + 21 
Phosphoglucose de- | 
hydrogenase....... 9 6.7+0.8 12+ 2.6 1641.9 
Phosphogluconate | 
dehydrogenase......7 124 0.8 7, 15+ 0.7, 7 | 24 + 2.3 
III 


Effect of diabetes on hepatic glycolytic enzyme activities of rats 
fed three different diets 

The result of each determination on the liver of a diabetic rat 

fed a given diet was expressed as a percentage of the average 

value found for the livers of normal rats fed the corresponding 


diets. The averages of these percentages and their standard er- 
rors are given below. 
Diet fed 
Enzyme | 
| Labration | 60% Glucose | 60°% Fructose 
Phosphoglucomutase........ | 65 + 5 ws +7 
Glucose 6-phosphatase. ..... 180 + 18 160 + 16 | 160 + 10 
Phosphoglucose isomerase... 103 + 2 S81 +44 9 + 2 
Phosphoglucose dehydro- | | | 
102 + 12 30+6 | 6233 
Phosphogluconate dehydro- | 


ties of several hepatic enzymes. When the same dietary sub- 
stitution was made in the diabetic rat, the extent of change in 
enzyme activity was invariably less than that found in the 
normal rat. Thus diabetes apparently reduces the ability of 
the liver to respond to the substitution of a high hexose diet. 
As shown in Table III, the percentage change induced in the 
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Fig. 1 


activity of each enzyme by diabetes was the same regardless of 
whether the diet contained 60% glucose or fructose. This 
equality in enzymatic response of the diabetic rat to the two 
hexose-containing diets suggests that diabetes has an effect which 
cannot be ascribed solely to a block in glucose utilization. 

Felts et al. (9) have shown that the proportion of glucose 
metabolized in the liver for lipogenesis via the hexose monophos- 
phate oxidative pathway (pentose cycle) is reduced in_ the 
diabetic rat. In this connection it is of interest to note that the 
levels of activity of the two dehydrogenases in the diabetic rat 
liver are similarly decreased (8). Gluconeogenesis is increased 
in the diabetic rat, a finding consonant with augmented activity 
in glucose 6-phosphatase observed by us and others (5,6). Both 
the glycogen content and the mutase activity of the liver of the 
alloxan-diabetic rat are reduced (10). Thus, a change in the 
activity of an enzyme appears to reflect qualitatively an altera- 
tion in the usage of a metabolic pathway in which the given 
enzyme participates. It should not be inferred, however, that 
the altered metabolism need be ascribed to the changed levels 
of enzymatic activity. On the contrary, evidence obtained in 
this laboratory suggests that alterations in enzyme activity can 
follow changes in the throughput of a metabolic pathway. 


SUMMARY 


1. The activities of phosphoglucomutase, glucose 6-phos- 
phatase, phosphoglucose isomerase, and the dehydrogenases of 
gluconate 6-phosphate and glucose 6-phosphate were measured 
in the livers of alloxan-diabetie rats that were (a) maintained 
on a stock diet containing no free hexoses and in which whole 
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ground wheat was the principal source of carbohydrate and (6) 
fed for 3 days a synthetic diet in which either 60% glucose or 
fructose Was the only carbohydrate source. 

2. The activities of phosphoglucose isomerase and glucose 
§-phosphate dehydrogenase exhibited varied responses to dia- 
betes. They were unaffected in the diabetic rats fed the stock 
diet, and decreased in those fed the 60% glucose or fructose diet. 

3. The activities of phosphoglucomutase and gluconate 6- 
phosphate dehydrogenase were reduced in the diabetic rats 
regardless of the diet fed. 

4. Glucose 6-phosphatase was the only enzyme whose activity 
was elevated in the liver of the alloxan-diabetic rat, and this 
elevation was observed with the stock diet as well as with the 
two hexose-containing diets. 

5. The significance of the findings is discussed. 


W. M. Fitch, R. Hill, and I. L. Chaikoff 
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Liver preparations from rats and rabbits fed a diet deficient 
in vitamin E have a lower rate of synthesis of ascorbic acid than 
have similar preparations from animals receiving vitamin EF. 
Manganous and cobaltous salts and ethylenediaminetetraacetate 
activate the preparations from deficient animals (1). It was 
also found recently that tocopherol added to preparations from 
deficient animals at the time of homogenization activates the 
production of ascorbic acid (2). 

This paper reports that in liver preparations from tocopherol- 
deficient animals, material(s) which react with thiobarbituric 
acid are produced during the incubation for synthesis of ascorbic 
acid and that all the factors studied which activate the produc- 
tion of ascorbic acid prevent the formation of such materials. 
Thiobarbituric acid has been shown to react with the products 
of fatty acid peroxidation (3-6); and more specifically with ma- 
lonic dialdehyde (7-9) which may be formed in the process of 
peroxidation. The color produced by the reaction between thio- 
barbituric acid and the above mentioned products has a maxi- 
mum absorption between 530 and 535 my. In this report, the 
thiobarbituric acid reaction measured at 535 my will be con- 
sidered as a determination of lipid hydroperoxide formation. 


EXPERIMENTAL 


Diets, the procedure for the handling of rats and rabbits, and 
the determinations of ascorbic acid synthesis or destruction are 
the same as in our previous work (1). Additions of tocopherol 
in vitro were done by weighing the specified amount of tocopherol 
on a small, weighed piece of liver which was then homogenized 
in the usual manner with the remainder of the liver. 

Hydroperoxides were determined by the thiobarbituric acid 
method of Bernheim et al. (3, 4) as modified by Ottolenghi (10). 
Readings were made at 535 my, which was the wave length of 
maximum absorption. The complete visible spectrum (Cary 
spectrophotometer) showed two peaks; one at 535 my and the 
other at 450 mu. The formation of hydroperoxides in vitro was 
determined after incubating the same system which was used for 
the study of the synthesis of ascorbic acid or by incubating 0.25 
ml of enzyme preparation with 0.75 ml of 0.15 m phosphate 
buffer at pH 7.5. Time varied in different experiments from 2 
minutes up to 2 hours. Temperature was either 26 or 37°. 

In addition to the materials previously reported (1), the fol- 


* This work supported in part by grants from the National 
Institutes of Health and the Muscular Dystrophy Associations 
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lowing were used: DPPD,' from Matheson, Coleman, and Bell, 
Inc.; (Santo- 
quin), provided by the Monsanto Chemical Company, and the 
following peroxides and hydroperoxide donated by the Lucidol 
Division, Novadel-Agene Corporation: succinic acid peroxide, 
lauroy! peroxide, caprylyl peroxide, and tert-butyl hydroperoxide. 
The preparation of hydroperoxides from linoleic acid (Fisher 
Scientific Company) and cod liver oil (E. R. Squibb and Sons) 
were carried out by irradiating thin layers of these materials for 
1 hour with a 30-watt germicidal lamp at a distance of 10 cm. 
This procedure increased the intensity of the thiobarbituric acid 
reaction 5 to 10 times. 


RESULTS 


Experiments with Labeled Glucuronate—Bublitz and Lehninger 
(11) reported recently that they have obtained from 1t-gulonate 
in the presence of DPN-gulonate dehydrogenase a material 
which gave the Roe and Kuether (12) reaction but which did 
not correspond to ascorbic acid when it was analyzed by resin 
column chromatography. We have studied the reaction prod- 
ucts obtained when p-glucuronate-6-C™ (K salt) was incubated 
with the rat liver preparation of ul Hassan and Lehninger (13) 
which was used in our previous work. The ascorbic acid formed 
plus added carrier were purified by passing the reaction products 
through Dowex 50 and then fractionating on a Dowex 1-formate 
column as described by Loewus et al. (14). The fraction con- 
taining ascorbic acid was concentrated and chromatographed on 
paper with n-butanol-acetic acid-water (4:5:1). The area con- 
taining the ascorbic acid was eluted and chromatographed again 
with 80% phenol containing 100 mg per 100 ml of thiourea. The 
zone in the last chromatogram corresponding to ascorbic acid 
was eluted and the specific activity determined. Results for the 
preparation from E-deficient animals gave 192 ¢.p.m. per umole 
and for the E-sufficient animal gave 458 c.p.m. per umole. 

Effects of Tocopherol on Formation in Vitro of Ascorbic Acid 
and Hydroperoride—Fig. 1 shows that the addition of tocopherol 
at concentrations of from 2 to 3 mg per ml of homogenate results 
in maximum production of ascorbic acid by preparations from 
animals deprived of vitamin E. The figure also shows that hy- 
droperoxide production as measured by the thiobarbituric acid 
reaction is inhibited by tocopherol in an inverse manner to the 
stimulation of ascorbic acid synthesis. In contrast to the above 


'The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; DPPD, diphenyl-p-phenylenediamine. 
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observation, the addition of tocopherol to preparations from con- 
trol animals had no effect on either ascorbic acid synthesis or 
peroxide formation (Fig. 1). Ascorbic acid destruction experi- 
ments with the enzyme preparations from both experimental and 
control animals showed no difference as a result of adding tocoph- 
erol in vitro, demonstrating that tocopherol does not protect 
ascorbic acid from destruction in this system. 

Effects of Metals, Metal-complering Agents, and Antioxidant 
Substances on Peroxide and Ascorbic Acid Syntheses—It was pre- 
viously shown that Co** and Mn** salts stimulate the synthesis 
of ascorbic acid by the preparations from E-deficient rats. The 
results in Table I show that this stimulation is accompanied by 
a decrease in the amount of hydroperoxide formed. Cerous ion 
has also been recently found to stimulate ascorbic acid synthesis 
and to decrease the amount of thiobarbituric acid reaction mate- 
rial formed. Experiments devised to determine the possible 
influence of changes in the rate of destruction of ascorbic acid 
showed that such changes are not responsible for the differences 
brought about by the addition of these metals. 

Other metals tested included Fe*+*+ and Fe+**, which had pre- 
viously been tested for their effects on ascorbic acid synthesis. 
It was confirmed that neither produced activation of synthesis 
in deficient animals, and both inhibited the activity of controls. 
It is seen in Table I that either Fe** or Fe*** at a final concen- 
tration of 5 & 10-‘ m stimulated hydroperoxide formation by 
preparations from E-deficient rats but do not affect that of the 
control. As shown by the early work of Barron et al. (15), cupric 
ions produced a considerable increase in the destruction of as- 
corbic acid. The synthesis of this acid is inhibited in spite of a 
complete inhibition of the formation of hydroperoxides; this 
could be explained by the increased destruction but it is also 
possible that cupric ion has an independent toxic action on the 
enzymes which catalyze the synthesis of ascorbic acid. 

The stimulating effect of EDTA on the synthesis of ascorbic 
acid is difficult to explain in view of the similar effects of Cot+ 
and Mn** salts and the failure to find an increase in the liver of 
E-deficient animals of some metals that are known to form com- 
plexes with EDTA (1). The observation of Barber and Otto- 
lenghi (16) that EDTA inhibits the formation of hydroperoxide 
in mitochondrial preparations was confirmed by results of our 
experiments with liver preparations of supernatant solution and 
microsomes (Table 1). This finding offers a unifying explanation 
for the reactivation of ascorbic acid production by metals and 
EDTA, but does not clarify the mechanism of these apparently 
contradictory effects. Dithizone gave results similar to those 
obtained with EDTA. In conformity with the activation 
brought about by tocopherol, Santoquin was also found to in- 
crease the synthesis of ascorbic acid and diminish the production 
of hydroperoxide by preparations from E-deficient animals. 
Santoquin was shown by Machlin et al. (17) to substitute for 
tocopherol in the prevention of muscle degeneration, encepha- 
lomalacia and exudative diathesis in chicks. DPPD, another 
antioxidant with vitamin F-like activity in rats (18) and chickens 
(19), decreased the amount of hydroperoxides measureable by 
thiobarbituric acid test and stimulated ascorbic acid production. 

Destruction versus Inhibition of Formation of Hydroperoxides— 
Fig. 2 shows that only a fraction of the thiobarbituric acid-react- 
ing material found after incubation of the homogenates for 1 
hour is present immediately after homogenization of the tissues 
at 0°. The formation of hydroperoxides appears to pass through 
a rapid phase which usually ends at about 30 minutes. This is 
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Fig. 1. Effects in vitro of tocopherol on synthesis of ascorbic 
acid and the production of thiobarbituric acid-reactive material 
by preparations from liver of E-deficient and control rats. For 
incubation systems see Table I. Solid lines represent thiobarbi- 
turic acid reaction and broken lines show ascorbic acid synthesis. 
Thiobarbituric acid reaction is shown as OD at 535 mu X 103. 


generally followed by slow formation which continues during the 
2 hours of incubation at 37°. In the homogenates from the liver 
of E-sufficient rats, there was no increase of hydroperoxides after 
2 hours of incubation. 

Fig. 2 also shows experiments devised to decide whether to- 
copherol or the other agents which kept hydroperoxides at low 
levels acted to destroy them or to inhibit their formation. It is 
shown that when tocopherol, Co**, or EDTA are added at differ- 
ent times during the period when the peroxides are still increasing 
at a rapid rate, their production is stopped. In no instance did 
these agents destroy peroxides already formed. Essentially the 
same results were obtained in experiments with MnSQO,. 

Concentration of Hydroperorides in Vwo—Tappel and Zalkin 
(5) report no differences in the thiobarbituric acid reaction of 
blood, lung, and muscle of vitamin E-deficient and control rab- 
bits, but found increased formation of lipid peroxide in the livers 
of E-deficient rabbits. 

Figs. 1 and 2 show a small but consistent difference for the 
“zero time” of the thiobarbituric acid reaction between the liver 
preparations from E-sufficient and E-deficient animals. These 
figures, however, do not represent concentrations in vivo of per- 
oxides because a certain production of peroxides is unavoidable 
in preparations made for the purpose of carrying out enzymic 
reactions. To determine whether or not there is a difference in 
vivo between the two groups of animals, use was made of the 
observation that trichloroacetic acid completely stopped the 
formation of hydroperoxides. For this purpose, tissues were 
weighed immediately after the sacrifice of the animals, put into 
5 volumes of 10% trichloroacetic acid, and homogenized. 

Table II shows that the presence of tocopherol in the diet made 
no difference in the peroxides in vivo of whole liver of rats. This 
was also observed for rat testis, which is an organ readily sus- 
ceptible to tocopherol deficiency. In the course of these experi- 
ments it was found, however, that testis was the only organ of 
the rat from which enzymic preparations (supernatant solution 
and microsomes) synthesized peroxides in vitro even when the 
animals were fed tocopherol. The data revealed that the prep- 
arations of testes of rats fed tocopherol changed from a thiobar- 
bituric acid index of 38 at “zero time” to 100 after 2 hours of 
incubation. Similar preparations from deficient animals in- 
creased from a thiobarbituric acid index of 60 to 180 in an equal 
period of time. 
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TABLE I 


Effects of various agents on synthesis and destruction of ascorbic acid and production of thiobarbituric acid-reacting material by liver 
preparations of vitamin E-deficient rats and their controls 

Incubation systems: For ascorbic acid synthesis: ATP, 2.3 pmoles; DPN, 1.8 wmoles; phosphate buffer pH 7.5, 30.0 smoles; nicotin- 
amide, 20.0 pmoles; glucuronic acid, 10.0 ymoles; 0.25 ml of enzyme preparation (microsomes and supernatant of 1/5 (weight per vol- 
ume) liver in phosphate buffer). Total volume 0.9 ml. Ascorbic acid determined by the 2,4-dinitrophenylhydrazine method of Roe 
and Kuether (12). For thiobarbituric acid-reactive material: same as for ascorbic acid synthesis or 0.75 m) of 0.15 m phosphate buffer 
pH 7.5, plus 0.25 ml of enzyme preparation. The values given are averages of the results obtained with both systems of incubation. 
Thiobarbituric acid reaction was carried out according to Ottolenghi (10). For ascorbic acid destruction: the same as for ascorbic acid 
synthesis but glucuronate was replaced by 5 to 15 wg of L-ascorbate. 


| | Ascorbic acid synthesis | Thiobarbituric acid reaction | Ascorbic acid destruction 
Addition to test system* Supplement to diet | | — 
No. of No | With | No.of | No With | No.of | No With 
experiments addition | addition experiments addition addition experiments addition | addition 
| pmoles/gliver/2hrs | OD 535 my/2 hrs | pmoles/g liver/2 hrs 
Cott None Ee 0.25 | 1.71 | 5 | 0.257 | 0.0288 | 2 0.72 0.61 
Vitamin E 1.47 | 2.00 | 3 | 0.005 0.011 2 0.61 0.77 
| | | 
Mn** None 9 0.28 1.22 | 4 | 0.375 0.028 2 0.41 0.32 
Vitamin E Sie, 1.39 1.68 | 4 0.014 | 0.000 2 0.61 0.77 
Fe*+ None 5 0.43 0.08 6 0.315 | 0.437 1 1.71 2.00 
Vitamin E | 3 1.16 | 0.52 4 0.014 | 0.019 1 1.80 | 1.76 
| 
Fet++ None =. 0.46 0.29 4 0.351 | 0.535 1 1.71 1.31 
Vitamin E =. 1.22 1.07 2 0.000 | 0.000 1 1.80 2.17 
| 
Cu* None | 4 0.30 0.00 2 0.260 0.237 1 0.44 0.44 
Vitamin E | 4 1.36 1.31 1 0.003 0.009 1 0.49 0.49 
Cu** None De 0.30 0.14 | 3 0.419 0.045 2 0.72 2.63 
Vitamin E a 1.36 | 0.29 | 3 0.000 | 0.048 2 0.32 | 2.77 
Cet++ Nene | 6 0.36 1.20 | 4. | 0.487 | 0.060 
Vitamin E a? 1.31 1.02 38 | 0.000 | 0.000 
| | | 
SeO;7 None Lil 0.29 0.21 | 2 0.481 | 0.458 
Vitamin E — 1.33 0.72 | 2 | 0.010 | 0.028 
| | | 
Santoquin 2 mg/ml None = | 0.31 100 | 2 | 0.281 0.000 
Vitamin E | 1.19 0.56 2 0.000 0.000 
DPPD 2 mg/ml None oa 0.47 1.02 | 2 | 0.487 | 0.000 | : 
Vitamin E 1 0.93 0.96 | 1 | 0.003 0.002 | | | 
EDTA 6 X 107° None 3 ~|sOO.21 1.36 6 | 0.258 | 0.02 | 1 0.59 0.08 
Vitamin E 4 0.019 0.020 2 0.61 0.18 
| | | | 
Dithizone 0.09 satura- | None | 2  =—60.238-— | (0.59 2 0.487 0.000 © | 
tion Vitamin FE | 2 | 1.30 | 0.61 | 2 | 0.003 0.002 | | 


* Except where stated otherwise, the concentration is 5 K 107 M. 


A significant increase of peroxides in vivo was found for the zation of the liver from the E-sufficient animals. The amount 
psoas muscle of E-deficient (dystrophic) rabbits with respect to of peroxide added was such that the absorbance of the incubation 
that of E-sufficient rabbits. On the other hand, rat muscle, mixture at 535 my after the thiobarbituric acid reaction was 
which is not particularly susceptible to tocopherol deficiency, did within the range obtained when the same reaction was carried 
not show differences in peroxides in vivo. The results with liver out with the preparations from livers of E-deficient animals with 
of E-deficient rabbits showed an increase in lipid peroxide which no peroxides added. 
appears to be statistically significant (p < 0.05). Ail of the synthetic peroxides tested (tert-buty! hydroperoxide, 

Effect of Addition of Peroxides and Hydroperoxides in Vitro— caprylyl, succinic acid, and lauroy! peroxides (Table II])) mark- 
To elucidate whether or not the hydroperoxides are directly im- edly inhibited the synthesis of ascorbic acid when tested at a 
plicated in the inactivation of the system which synthesizes concentration of 3 mg per ml of whole liver homogenate. It 
ascorbic acid, various synthetic and natural peroxides were in- should be noticed, however, that in the cases of tert-butyl hydro- 
corporated into the enzyme preparations during the homogeni- peroxide and succinic acid peroxide the higher rate of destruction 
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Fic. 2. (Left) Peroxide production by liver preparations of 
vitamin E-deficient and control rats. (Right) Effects of addition 
of Co** in vitro, (----- ); EDTA (.----); and tocopherol 


the production of peroxides by liver preparations of vitamin 
E-deficient rats. Arrows at 0, 2, and 5 minutes indicate the times 
at which additions were made. Thiobarbituric acid reaction is 
shown as OD at 535 mp X 10°. 


of ascorbie acid accounts for the difference and thus it is not 
known whether the inhibition is real or apparent. Capryly! and 
lauroy! peroxides did not alter the rate of destruction and there- 
fore we assumed that there was a real inhibition of ascorbic acid 
synthesis. 

None of the synthetic peroxides tested above gave the thio- 
barbituric acid reaction by themselves, but caprvlyl and succinic 
acid peroxides and tert-buty! hydroperoxide produced a distinct 
increase in that reaction after incubation with the enzyme prep- 
arations from E-sufficient animals which normally do not react 
with thiobarbituric acid. Data from experiments with hydro- 
peroxides derived from linoleic acid and cod liver oil are also 
presented in Table III. Hydroperoxides derived from linoleic 
acid did not decrease the synthesis of ascorbie acid. Cod liver 
oil or irradiated cod liver oil produced the same degree of in- 
hibition (about 60°;) although irradiation had increased the 
concentration of hydroperoxide several-fold and there was a 
further production during incubation. 


DISCUSSION 


The mixture of microsomes and supernatant solution from 
livers of E-deficient rats produced less ascorbic acid and more 
endogenous lipid peroxides than comparable mixtures from livers 
of E-sufficient rats. The possibility that both phenomena are 
related is supported by the observation that all the factors which 
reactivated ascorbic acid synthesis also stopped the formation of 
peroxides. These factors included: antioxidant materials (to- 
copherol, DPPD, and Santoquin), metal ions (Co**, Mn**, and 
Ce***), and metal-complex forming agents (EDTA and dithi- 
Zone). 

The addition of the synthetic caprylyl and lauroyl peroxides 
to preparations from k-sufficient animals stopped the synthesis 
of ascorbic acid but the direct addition of the lipid peroxides de- 
rived from the irradiation of cod liver oil or linoleic acid did not 
show any clear inhibition. As the synthetic peroxides do not 
give positive reactions with the thiobarbituric acid reagent al- 
though most of them produced a positive thiobarbituric acid re- 
action after incubation with liver preparations from E-sufficient 
animals, it is possible that the inhibitor is some intermediate in 
the process of lipid peroxide formation or destruction rather than 
the lipid peroxides themselves. 

Since the decrease in ascorbic acid synthesis is an effect of the 
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Taste II 
Peroxides in vivo and production of peroxides in vitro by tissues of 
vitamin E-deficient and control animals 
Incubation system and conditions for peroxide production in 
vitro as in Table L. 


3) 
| Additi &| Peroxid 

OD at 535 mp | 
Rat liver None 0.127 (0.112-0.157) 0.395 
Vitamin (0.131 (0.105-0.165) 0.000 
Rabbit liver None «6 | 0.112 (0.092-0.145) 6 0.205f 
| Vitamin E | 4 0.092 (0.078-0.100) 4 0.000 
Rat testis None 5 0.088 (0.065-0.096) 4 0.120 
Vitamin EF (0.087 (0.055-0.109) 0.062 


Rat muscle 


"None 0.077 (0.058-0.105) 5 0.014 
Vitamin E 0.082 (0.053-0.100) | 4, 0.000 

0.051 (0.028-0.078) 6 

0.025 (0.008-0.035) 4 0.001 


| None | 6 
| Vitamin E | 4 


Rabbit 
muscle 


* Mean and range of thiobarbituric acid reaction or mean of 
the reaction. 

t p for difference between control and E-deficient animals is 
<0.01 for rabbit muscle; <0.05 for rabbit liver. The difference 
is not significant for rat tissues. 

{ Incubation period for these experiments was 1 hour. 


Tas_e III 
Effects of addition in vitro of organic perorides on thiobarbituric 
acid reaction and on ascorbic acid synthesis by liver preparations 
from control animals 


Incubation systems as in Table I. 


| Thiobarbituric | 
acid reaction | 
with addition 


Ascorbic ac id 
destruction 


Ascorbic acid 
synthesis 
Addition to test system 
(final concentration mg/ml) 


No | With | Zero | After | No With 
addition addition time | 2hrs_ addition addition 


pmoles/e liver/2 $35 pmoles/g@ liver/2 
Ars OD 535 mu hrs 


tert-Butyl hydroperox- 


1.39 0.10 0.621 0.36 6.50 
tert-Butvl hydroperox- | | | 

0.520 0.13 3.39 
lert-Butyl hydroperox- | 

1.73 | 0.22 0.135 0.13 2.26 
Caprylyl peroxide, 3. 1.37 | 0.24 0.234 0.25 0.30 
Caprylvl peroxide, 1 1.28 | 1.11 60.006 0.23) 0.36 
Succinic acid peroxide, | 

1.04 0.00 0.420 0.25 3.38 
Lauroyl peroxide, 3 1.64 0.26 0.001 0.25 0.26 
Lauroyl peroxide, 1 1.28 1.00 0.33 0.44 
Linoleic acid, 5 1.13 1.44 0.077 0 | 


Irradiated linoleic acid, | | 
5 «1.13, 1.04 0.263 0 


Cod liver oil, 3... 1.60 0.58 
Irradiated cod liver oil, 
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deficiency in vivo of vitamin E which can be corrected in vitro by 
the addition of tocopherol, it is of interest to evaluate the sig- 
nificance of this finding relative to the problem of the biochem- 
ical function of tocopherol. Assuming that these findings support 
the theory that an important part of the function of tocopherol 
is to prevent the formation of the toxic peroxides (20, 21), it 
follows that the peroxides in vivo should be increased in the de- 
ficient animals. These determinations in rat testis and in rabbit 
muscle (the organs in these species most affected by a deficiency 
of vitamin E) were inconclusive because there was an increase in 
muscle but no increase in the testis. 


SUMMARY 


1. Liver preparations from vitamin E-deficient rats and rab- 
bits have an inhibited rate of ascorbic acid synthesis and an in- 
creased lipid peroxide-forming activity. 

2. The agents which activate ascorbic acid synthesis (Co**, 
Mn++, Cet+++, ethylenediaminetetraacetate, dithizone, tocoph- 
erol, diphenyl-p-phenylenediamine, and Santoquin) inhibit the 
formation of peroxides. 

3. The addition of synthetic organic peroxides (the peroxides 
of caprylic, succinic, and lauric acids and tert-butyl hydroper- 
oxide) inhibited the synthesis of ascorbic acid. Succinic and 
tert-butyl peroxides greatly enhanced the destruction of ascorbic 
acid. Peroxides produced by irradiating cod liver oil and linoleic 
acid did not show a clear inhibition of ascorbic acid synthesis. 

4. Liver, testis, and muscle of the rat showed no significant 
difference in content of peroxides between control and E-deficient 
rats, but peroxides were produced by both liver and testis in 
vitro. There were significant increases in the content of peroxides 
in both liver and muscle of E-deficient rabbits in comparison to 
their controls. 
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Previous studies have indicated that the anaerobic rumen 
bacterium, Ruminococcus flavefaciens, releases units of cellobiose 
by the catalytic action of its cellulase (1, 2). Further metabo- 
lism of cellobiose by the bacteria seemed to proceed by phos- 
phorolysis of the disaccharide (3). The probable presence of a 
cellobiose phosphorylase was indicated by the observation that 
crude enzyme preparations from dried cells of the bacteria when 
incubated with cellobiose brought about a decrease of inorganic 
phosphate and sugar and the appearance of a mixture of hexose 
phosphate esters. Phosphoglucomutase was assumed to be 
present, effecting an equilibrium favoring the formation of glu- 
cose 6-phosphate. 

In this paper are presented studies of the cellobiose phos- 
phorylase obtained essentially free from interfering enzymes, 
wherein the reaction catalyzed is shown to be: 


Cellobiose + inorganic phosphate -* a-p-glucose-1-P + glucose 


EXPERIMENTAL 


Cells of R. flavefaciens were grown in tryptose veast extract 
cellobiose medium containing 0.5% cellobiose (1) under an at- 
mosphere of CO, for 2 to 3 days at 39°. The cells were harvested 
by centrifugation and washed once with buffer, pH 6.9. The 
resuspended cell paste was then ground witi: 3 times its weight 
of alumina or dried with acetone and ground ix. a bead mill as 
described previously (3). Broken cells were extracted with 
either phosphate or tris(hydroxymethylaminomethane buffer 
and the preparation clarified by centrifugation at 22,000 x g 
at 2° for 15 minutes. In most instances the clear supernatant 
was used directly as a source of cellobiose phosphorylase without 
interference from other enzymes. 

Some of the experiments were conducted with enzyme partially 
purified by ammonium sulfate precipitation. In these instances 
the fraction resulting from precipitation by 40 to 70% saturation 
with neutral ammonium sulfate was resuspended in buffer for 
Use, 

Reaction mixtures were incubated at 39° for 4 to 6 hours. 
Control preparations consisting of enzyme heated at 85° for 3 
minutes and mixed with substrate received treatment identical 
to test mixtures. After incubation the reaction mixtures were 
deproteinized with 10% trichloroacetic acid followed by centrif- 
ugation in the cold. A decrease or increase in the inorganic 
phosphate concentration in comparison to controls was used as 


* Published with the approval of the Director of the New Hamp- 
shire Agricultural Experiment Station as Scientifie Contribution 
No. 224. 

| Present address, Field Station Laboratory, Brooklyn Bo- 
tame Garden, Kitchawan, New York. 


a measure of phosphorylase activity. The analytical procedures 
were those used previously (3). 

Reaction products were identified on one-dimension descending 
chromatograms with Whatman No. | paper. Mixtures were 
freed from metallic cations by shaking with Dowex 50 cation 
exchange resin. Chromatograms of phosphorylated products 
were developed at 2° with the acid solvent of Bandurski and 
Axelrod (4). The spray reagent was applied and color developed 
with ultraviolet light (4). Carbohydrates were separated with 
the butanol-pyridine-water system of Crook and Stone (5) and 
detected with the benzidine-trichloroacetic acid reagent of Bacon 
and Edelman (6). 


RESULTS 

Cell-free enzyme preparations from R. flavefaciens incubated 
with cellobiose in phosphate buffer invariably showed a decrease 
of orthophosphate with the accumulation of hexose phosphate 
esters and glucose. With a partially pure preparation prepared 
by ammonium sulfate fractionation, the phosphorylated product 
of cellobiose phosphorolysis appeared to be glucose-1-P as in- 
dicated in Table I. The reaction mixture was subjected to 
barium and aleohol fractionation according to the methods out- 
lined by Umbreit et al. (7). The results indicate that the barium 
soluble-aleohol insoluble fraction contained an ester which re- 
leased approximately equal molar concentrations of glucose and 
phosphate during 7 minutes of hydrolysis in nN HC1. 

The identity of the products of cellobiose phosphorolysis was 
confirmed with duplicate paper chromatograms of reaction mix- 
tures developed with solvent systems selected for separation of 
the phosphorylated product and for the free glucose assumed to 
be released. In Fig. | are typical chromatograms resulting from 
the reaction mixtures incubated with cellobiose and phosphate. 
The phosphate chromatogram on the left indicates that the heat 
inactivated control mixture contained no detectable intermedi- 
ates whereas the incubated enzyme mixture produced a spot 
with an Ry identical to the a-p-glucose-1-P marker. Inclusion 
of ATP in the reaction mixture gave no additional detectable 
products, indicating an absence of hexokinase activity in this 
preparation. The corresponding carbohydrate chromatograms 
prepared from the same reaction mixtures show glucose as well 
as glucose-1-P as a product. The heat-inactivated control gave 
& spot corresponding only to the initially furnished cellobiose 
substrate. 

The results of several experiments are summarized in Table I. 
Ovceasionally, as with crude enzyme Preparations | and 4, a 
mixture of phosphorylated hexoses were detected as products on 
the chromatograms. Both glucose-1-P and glucose-6-P appeared 
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TaBLe I 
Analysis of products of cellobiose phosphorolysis 


| Barium soluble- 
| alcohol insoluble 


Conditions 
| P;* Glucose* 
Initial (heated control)... 7 | 0.5 
Incubation 6 hrs, 39°... 11.1 5.8 | 6.8 
Products formed ___.. | 8.5 | 6.3 


= 


* Phosphate and glucose released by hydrolysis with N HCl at 


100° in 7 minutes. Reaction mixture: 0.4 g ground dried cells 
were extracted with phosphate buffer, centrifuged, then precipi- 
tated with 40 to 70% saturated ammonium sulfate. Fraction was 
resuspended in 8 ml of 0.033 Mm phosphate, pH 6.9. Three milli- 
liters of the enzyme preparation were mixed with an equal volume 
of cellobiose, 0.125 mM. Reaction time 6 hours. 


to be present, based on the R» of the authenic compounds. —Frae- 
tionation of the same preparation with ammonium sulfate 
(Preparation 2) resulted in loss of some of the activity of the 
phosphorylase but the enzyme appeared to be free from phos- 
phoglucomutase activity inasmuch as only glucose-1-P could be 
detected. 

Frequently, the crude enzyme preparations were free from 
interfering enzymes without any attempt at purification. Prep- 


Fic. 1. Chromatograms of products of cellobiose phosphor- 
olysis. Left, phosphate chromatogram; right, carbohydrate chro- 
matogram of same reaction mixtures. (1) Control mixture; (2) 
cellobiose substrate; (3) cellobiose plus ATP. Markers: G-1-P: 
glucose-1-P; ATP: adenosine triphosphate; C: cellobiose; G: glu- 
cose. Reaction mixtures: dried cells, 1.5 %; phosphate, 0.016 m; 
cellobiose, 0.062 m; ATP, 0.01 mM; total volume 6 ml. Reaction 
time 5 hours. 


Cellobiose Phosphorolysis 


Vol. 234, No. it 


Fic. 2. Carbohydrate chromatogram showing cellobiose syn- 
thesis. (1) Control mixture; (2) glucose plus glucose-1-P; (3) 
glucose-1-P; (4) cellobiose plus phosphate; C, G, G-1-P: cello. 
biose, glucose, and glucose-1-P markers, respectively Renetion 
mixtures: see Table II, prep. 6. 


arations 3, 5, and 6, which received no precipitation treatment 
‘atalyzed the phosphorolysis of cellobiose vielding solely ghicose- 
1-P as the phosphorylated derivative. Preparation 4, however, 
seemed to have phosphoglucomutase activity, but not hexokinase 
activity, since a hexose phosphate mixture was produced and no 
products were detectable from glucose or fructose incubated 
with ATP. 

The reversibility of the phosphorolysis reaction was tested 
with Preparation 6. As usual, with cellobiose as substrate, 
orthophosphate was decreased with glucose and glucose-1-P re- 
sulting. With glucose and glucose-1-P as substrate, an increase 
in phosphate was observed. Glucose-1-P and enzyme alone 
showed no phosphate change. This would indicate that svnthe- 
sis of cellobiose had occurred and phosphatase activity was 
absent. The chromatograms of these preparations are shown 
in Fig. 2. The glucose and glucose-1-P mixture after incubation 
indicated a new spot corresponding to cellobiose. 

The identity of cellobiose as a product of interaction of glu- 
cose and glucose-1-P was confirmed by the following procedures: 
The clarified reaction mixture was placed in a narrow band on a 
wide strip of chromatographic paper and then developed with 
the carbohydrate solvent system. A narrow strip from either 
side of the dried chromatogram was removed and sprayed to 
indicate the location of the compound relative to the point of 
origin. The area on the remaining paper was then cut out, ex- 
tracted with warm water, then evaporated to dryness in a vacuum 
desiccator. The resulting residue which was hydrolyzed with 
dilute acid and rechromatographed, vielded only one spot with 
the Ry corresponding to glucose. The unhydrolyzed material 
behaved like cellobiose on the chromatograms and could be dis 
tinguished from maltose. 
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W. A. Ayers 


Tasre Il 
Phosphorolysis and synthesis of cellobiose by bacterial enzyme preparations 


Substrates supplied 
Enzyme preparation 


Products detected on chromatograms 
~ Phosphate change® , 


Sugar Phosphate Phosphates Carbohydrates 
mow mw 
1. Dried, cell-free Cellobiose 62 17 —6.7 HP mixturet 
2 Dried, cell-free; Cellobiose 62 7 —3.7 G-1-P 
(NH) ppt. 
3. Dried, cell-free Cellobiose 62 17 —5.2 (;-1-P Cilucose + G-1-P 
| (jlucose 62 7 0 
Fructose 62 17 0 
Mannose 62 17 0 
4 Dried, cell-free Cellobiose 62; ATP 10 17 HP mixture 
(jlucose 125; ATP 10 17 0 
Fructose 125; ATP 10 17 0 
5. Dried whole cells Cellobiose 62 s (;-1-P Cilucose + G-1-P 
Cellobiose 62; ATP 10 (;lueose + G-1-P 
6. Wet, cell-free Cellobiose 62 +4 —5§.8 Cilucose + G-1-P 
Glucose 25; 25 0 Cellobiose 
(;-1-P 25 0 0 0 
7. Wet, cell-free Cellobiose 125 —I1.1 
Maltose 125 40 0 
Salicin 125 
(jlucose 125; G-1-P 125 2.3 Cellobiose 
(ialactose 125; G-1-P 125 0 0 
Fructose 125; G-1-P 125 0 0 0 
Mannose 125, 125 0 
Avlose 125, G-1-P 125 0 0 
(;-1-P 125; G-1-P 125 0 


* Inorganic phosphate esterified (—), or released (+), as compared to a similar preparation inactivated by heat 
t Abbreviations used: HP mixture, a mixture of glucose 1-P and glucose 6-P; G-1-P, glucose 1-P. 


The specificity of the reaction and several possible glucosy! 
donors and acceptors were tested with enzyme Preparation 7. 
Neither maltose nor the 8-glucoside, salicin, showed any evidence 
of phosphorolysis by the preparation which was demonstrably 
active with cellobiose. In the reverse direction, only p-glucose 
appeared to serve as glucosyl acceptor in the synthesis of the 
disaccharide. 


DISCUSSION 


The results conclusively establish the presenee of a cellobiose 
phosphorylase in the rumen cellulolytic bacterium, R. flavefaciens. 
Cellobiose phosphorylase has also been detected in two other 
unrelated strains of cellulolytie bacteria, namely Clostridium 
thermocellum (8), and in the aerobie bacterium, Cellribrio gilrus 
(9). Little information is available to determine if the enzyme 
in these bacteria differs in any way from the cellobiose phosphory- 
lase in the rumen bacterium. 

It is of interest that all three of these cellulolytie bacteria 
apparently possess a cellulase which vields cellobiose as the sole 
hydrolytic product. Glucose is either not fermented by the 
bacteria or there is a distinet preference for the disaccharide. 
Although this type of cellulolytie action has apparently not been 
encountered frequently, it seems probable that it is more wide- 
spread among cellulolytic bacteria than heretofore recognized. 


Navefaciens. 


This can be inferred from its presence in such widely unrelated 
From the standpoint of the organism the conservation 
of the glucoside bond in a disaccharide, followed by phosphorol- 
ysis, would represent a more energetically efficient system. An 
energy-rich phosphate bond would be conserved for each disac- 
charide molecule catabolized. 

Sih et al. (8) noted that inasmuch as formation of the beta 
linkage of cellobiose results from an @ derivative, the enzyme 
therefore must bring about a Walden inversion. This enzyme 
as well as the eellobiose phosphorylase present in R. flavefaciens 
would then appear to be analagous to the maltose phosphorylase 
of Neisseria meningitidis (10) which produces a 8 glucose-1-P 
The apparent specificity of the eellobiose phos- 
phorviase, likewise appears to resemble that of bacterial maltose 


Species, 


from a maltose. 


phosphorylase rather than the sucrose phosphorylase of Pseudo- 
monas and Leuconostoc spp. (11). 


SUMMARY 


A cellobiose phosphorylase has been demonstrated in cell-free 
extracts of the rumen cellulolytic bacterium, Ruminococeus 
This enzyme catalyzes the reversible phosphorol- 
vsis of cellobiose to a-p-glucose I-phosphate and glucose. Of 


several monosaccharides tested, only D-glucose served as glucosy! 
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acceptor with a-p-glucose 1-phosphate, resulting in the synthesis 
of cellobiose. Neither maltose nor the 8 glucoside, salicin, was 
affected by the enzyme preparations. 
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Very many techniques have been described in the literature 
for extraction of lipids from tissues. A good technique should 
minimize (ideally, preclude) formation of new covalent bonds and 
breaking of covalent bonds in the native lipid molecules. Co- 
valent bonds may be formed by autoxidation, which in turn 
ads to molecular rearrangement, polymerization, and telo- 
merization. Other addition reactions, condensations, and sub- 
stitutions may occur if heating is used. Lipid molecules may be 
cleaved by radical processes after primary autoxidation, by hy- 
drolysis, and by enzymic action (autolysis). Dawson (1) has 
discussed how rapidly autolysis can occur in animal tissues, and 
Kates (2) has elegantly demonstrated haw autolysis of plant 
phospholipids can be actually stimulated by an extracting sol- 
vent. 

Theoretically, autolysis can be prevented in four different 
ways. (a) Enzymes can be denatured: alcoholic solvents may 
or may not (3, 4) do this; acid and heat treatments may them- 
selves injure the lipids. (6) Specific inhibitors of the lipolytic 
enzymes could be used, but this is not feasible until more is 
known about these enzymes. (c) Extraction can be performed 
st low temperature: this is useful only if conditions permit com- 
plete removal of lipids from tissue (5). (d) Tissues can be thor- 
oughly dried before extraction. In experimental application all 
four ways may be imperfect. Pulverization, necessary to per- 
mit complete extraction of lipids from most tissues, may be per- 
formed at low temperature (5-7) or in presence of alcoholic 
slvents, but it is usually very difficult to insure that autolysis 
does not occur in any part of the tissue. 

In earlier work (8) we extracted lipids from dried, macerated 
Drosophila melanogaster with ether, but later, working with larger 
quantities of undried flies, we found that most of the phospho- 
lipids were autolyzed. Kates’ studies (2) led him to suggest 
®-propanol or isopropanol for lipid extraction (isopropanol was 
his later choice (6, 7)). Attempting to meet the requirements 
discussed above, we developed a new and relatively simple 
method of extraction employing n-propanol (9), or chloroform- 
methanol (2:1). The latter proved to be a more useful solvent. 
The method will be deseribed in detail below, with results of an 
examination of Drosophila lipids. 


EXPERIMENTAL 


Solventa—Acetone, n-butanol, chloroform (containing 0.75% 
ethanol as preservative), dichloromethane, diethyl ether, and n- 
propanol were of reagent grade, and isooctane of spectrophoto- 
metric grade (Merck). 2,2-Dimethoxypropane, provided by the 


* This investigation was supported in part by grants from the 
National Science Foundation. 

t Present address, The Lyons Laboratories, Hammersmith 
Road, London, W. 14, England. 


Dow Chemical Company through the courtesy of Dr. G. L. Ell- 
man, was redistilled before use. Its infrared spectrum indicated 
the presence of methanol and 2-methoxypropene as (unobjec- 
tionable) contaminants. 

General M ethods—Evaporations were carried out at <55° ina 
rotary (“flash”) evaporator, or, in the case of eluted fractions, 
in a vacuum oven. 

Silicie acid (Mallinckrodt, analytical reagent, 100 mesh) was 
washed twice with methanol, dried at 110-120° in a vacuum 
oven (15 hours), and stored in a stoppered bottle in a desiccator. 

Paper chromatography was carried out on Whatman No. 1 


paper. 

Ultraviolet spectra were determined with a Cary model 11MS 
recording spectrophotometer. 

Flies—Drosophila melanogaster were cultured at 25° under 
standard conditions, collected in a bottle about 10 days after 
eclosion, and killed by storing the bottle in Dry-Ice.! 

“Fly Powder’’—A stainless steel homogenizer (Servall omni- 
mixer) was arranged with the chamber (1 pint) suspended in a 
bath of 2-methoxyethanol-Dry-Ice. Dry-Ice (about 50 g) was 
then powdered in it. On removal from storage the flies (about 
50 g) were handled very rapidly, as follows: poured on to a sheet 
of paper, they were separated from any lumps of nutrient acci- 
dentally collected, weighed, and transferred to the homogenizer. 
The homogenizer was then operated intermittently for periods 
of about 30 seconds, extra portions of Dry-Ice being added to 
maintain the quantity in the chamber, until a uniform, fine 
powder was obtained (5 to 10 minutes). Before opening, the 
chamber was always knocked sharply to dislodge powder from 
the upper walls. 

Extraction—A large, sintered glass funnel (diameter 10 to 15 
em, coarse grain), resting loosely in the neck of a conical flask 
(2-liter), was kept in a —20° refrigerator with a supply of chloro- 
form-methanol (2:1, volume for volume). The fly powder and 
solvent (100 ml) were mixed on the funnel. A second equal por- 
tion of solvent was added when the first had filtered, and so on, 
until eight portions had filtered. The extract was washed by 
the Folch method (10), as follows. It was shaken with 0.73% 
sodium chloride (150 ml), centrifuged (1000 x« g) at 5° for 10 
minutes, and the upper phase removed. The lower phase was 
rewashed similarly with “pure solvents upper phase” containing 
0.29% NaCl, evaporated, and the residue extracted with ligroin 
(purified, b.p., <60°). The resulting solution was filtered and 
evaporated, and the ligroin-soluble residue weighed before chro- 
matography on silicic acid. 

Soxhlet Extraction—Fly powder residues, after propanol or 

' We are grateful to Mrs. T. Sueoka and Dr. E. Glassman, who 


provided the flies. 
* Eyes were observed, still whole, in this powder. 
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chloroform-methanol extraction, were extracted overnight with 
chloroform in a Soxhlet apparatus, and the malodorous, ligroin- 
soluble gum so obtained was weighed. About 3% of it could 
be eluted from silicic acid by 5% methanol in chloroform. 

Silicic Acid Chromatography—Silicic acid (50 g), in a slurry 
with chloroform, was poured into a column (diameter 2.8 cm) 
with a constriction at its lower end plugged by a minute piece 
of nonabsorbent cotton. It was then washed with chloroform 
overnight. Up to 2.5 g of whole Drosophila lipid (yellow oil) 
were then run on in a small volume of chloroform. Development 
was continued with chloroform, then with increasing percentages 
(volume for volume) of methanol in chloroform. Meanwhile, 
the eluate was collected in 10 ml fractions by means of a siphon- 
delivery fraction collector (Autonomos). In some experiments 
the rate of flow through the column dwindled after about 200 
fractions had been collected, and could not be permanently 
speeded by the application of air pressure; however, cautious 
stirring of the top 0.3 em of adsorbent successfully restored flow. 
The total period of elution was 150 to 200 hours. 

Within 14 hours of delivery each fraction was weighed. 
Within 24 hours of evaporation, fractions were redissolved in 
warm chloroform (if insoluble, in methanol), and combined in 
groups corresponding to sections of the elution curve. Infrared 
spectra were then determined on these pooled materials which, 
within a further 48 hours, were used for paper chromatography 
and hydrolysis (8). | 

Recovery from columns was usually about 100%. Since the 
weight of lipid recovered was the sum of 500 to 1000 separate 
weighings, since late fractions contained traces of silica, and since 
- some nonlipid contaminants (when present) remained adsorbed, 
recovery could not be defined accurately. 

Infrared Spectra—Erley (11) has recently recommended 2,2- 
dimethoxypropane, with or without an added trace of acid, for 
drying of samples before infrared analysis. A few drops of 2,2- 
dimethoxypropane were added to a solution of lipid in chloroform 
or methanol, and the mixture was evaporated in a rotary evapo- 
rator at 50-55° for 15 minutes. No change in spectrum was ob- 
served when samples were retreated in this way, with or without 
exposure to HCl vapor. The efficacy of the treatment has not 
been evaluated further. 

For the spectra, lipids were prepared as films on NaCl plates 
or as 1 to 5% solutions in chloroform or dichloromethane in NaC] 
cells (0.10 em). A Perkin-Elmer model 137 Infracord spectro- 
photometer (NaCl optics) was used, calibrated to +0.024 (+5 
em~ at 1550 cm~"') with polystyrene, according to manufacturer's 
instructions. 

Spectral data are recorded with conventional notations (12). 

Paper Chromatography of Lipids—Development with n-propa- 
nol-0.25 n aqueous NH,OH-acetone (4:1:1, volume for volume) 
distributes most lipids in elongated zones at high R» and non- 
lipids at low Ry (8). Tests applied to chromatograms were as 
follows. Ultraviolet absorption and fluorescence; ninhydrin; 
phosphorus; Rhodamine 6G (13); 2,4-dinitrophenylhydrazine 


§ During the washings, a pale brown ‘‘veil’’ slowly receded down 
the adsorbent, leaving it uniformly transparent and colorless. If 
the veil was not removed a spurious peak appeared after the cho- 
lesterol peak in the elution curve. The chloroform washings (1.6 
liters) from 150 g of silicic acid yielded on evaporation 4.8 mg of a 
viscous, colorless oil, the infrared spectrum of which indicated 
long-chain aliphatic material with some carbonyl absorption (1725 
em~'). 
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(13); aniline phthalate (for free sugar) (14); Liebermann-Bup. 
chard (15); Dragendorff (16). 

Smith’s chlorination method for —CON H-compounds (17) wag 
simplified as follows. Chromatograms were dipped (5 minutes) 
in 15% aqueous NaOCl, washed (10 minutes) in cold, running 
tapwater, then the color was developed with 0.05 s aqueous KI. 
saturated o-tolidine in 2% aqueous acetic acid (1:1, volume for 
volume). 

Ninhydrin-positive, Water-soluble Hydrolysis Producta—Chro- 
matography with the “1-O” systems of Hardy ef al. (19) per. 
mitted reliable but not rigorous identification of amino acids, 
Leucine was not distinguished from isoleucine and norleucine, or 
valine from norvaline. Ethanolamine hydrochloride gave with 
ninhydrin a diffuse, pale brown zone (R,- , 0.59 in I, 0.58 in O). 
Most (water-soluble) hydrolysates gave unidentified zones which 
fluoresced in ultraviolet light. The presence of glutamic acid 
and arginine in lipids of peaks D and J (Fig. 3) respectively was 
confirmed by addition of authentic samples to the hydrolysates 
before paper chromatography. 

Detection of Choline—Phosphomolybdic acid (20) and Dragen- 
dorff (16) reagents revealed choline chloride (R,, 0.21 in I, 0.47 
in FE) after “I-E” chromatography of water-soluble hydrolysates 
(19). 

Detection of Glycerol—A small lipid sample was hydrolyzed 
with 0.2 ml of 6 ~ hydrochloric acid. The hydrolysate was 
poured on to a column (3 X 0.5 em) of Amberlite IR-4B (OH-, 
200 to 400 mesh), prepared in a medicine dropper plugged with 
glass wool. The column was washed with 0.2 ml water (eluate 
rejected), then with a further 0.5 ml. (Stirring with a minute 
glass rod liberated any bubbles of gas clogging the column.) 
The 0.5 ml eluate was partially evaporated, chromatographed in 
n-butanol-acetic acid-water (5:1:2), and glycerol (R», 0.49) was 
revealed by silver nitrate spray (21). 

Detection of Inositol—The Scherer test was carried out by a 
modification of Feigl’s method (22). 

Detection of Sphingosine—Two paper chromatograms (ascend- 
ing development, 1.5 to 2.5 hours) were run in 2-pentanone-acetie 
acid (30:2, volume for volume) on each ligroin-soluble hydroly- 
sate. After drying at room temperature (1 hour), one was 
sprayed with ninhydrin and heated at 110° (5 minutes); the other 
was sprayed with Clark and Lubs bromothymol blue solution, 
suspended (5 minutes) in a tank over concentrated NH,OH, then 
removed and observed for persistent blue zones. These tests 
together are useful for detection of sphingosine-like bases. As 
standard a sample of sphingosine sulfatet was used, applied to 
chromatograms on top of spots of BaCl,». 

Recognition of Cerebroside—No sphingosine-like base was de- 
tected directly in any fly lipid hydrolysate obtained by the usual 
method. Peak J lipid (Fig. 3), suspected on infrared evidence of 
containing cerebroside (but which gave no aniline phthalate re- 
action on paper, even in presence of excess of H,sPO, (23)) was 
hydrolyzed with 3 N aqueous HCI at 100° (2 hours). This s 
supposed (24) to liberate quantitatively the hexose of cerebro- 
sides, but much browning occurred, presumably due to simul- 
taneous liberation of amino acids. The hydrolysate was shaken 
with ligroin (b.p., 65-70°), and a sphingosine-like base was readily 
detected in the ligroin layer. The aqueous layer was evaporated 
over KOH under reduced pressure (2 days), and paper chroma- 
tography of the residue indicated the presence of glucose or galac- 


* Kindly provided by Professor H. E. Carter. 


November 1959 


tose. Subjected to paper electrophoresis (8S hours) in 2% aque- 
ous borax (25) the residue gave a zone separable from p-galactose 
and inseparable from p-glucose. 

Characterization of Hydrocarbon and Wax Ester—Extracts ob- 
taine! by propanol extraction at room temperature deposited 
colorless crystals if stored at —20°. In one experiment these 
were filtered off (330 mg from 70 g of flies). They proved to be 
inhomegeneous, and attempted recrystallization failed. Chro- 
matography on silicic acid afforded three main fractions, each 
giving a negative Liebermann-Burchard test. 

(a) Colorless material (15 mg), fairly crystalline, very low level 
of ultraviolet absorption, glycerol not liberated by hydrolysis. 
Its infrared spectrum showed four prominent bands, at 2930 and 
(«.; C—H stretching), at 1465 em~' (m.; CH, deforma- 
tion), and at 1370 em (mw.; C-—CH, deformation), identifving 
the material as a saturated hydrocarbon (14). 

(b) Colorless crystals (235 mg), eluted by 5% ether in hexane, 
apparent Agcy """ 208 my, glycerol not liberated by hydrolysis. 
Its infrared spectrum was simpler than those of triglycerides, 
strongest bands being at 2035 and 2855 em~' (C-—H stretching), 
st 1745 (C=) stretching) and at 1160 (C—O stretch- 
ing). It was concluded to be a wax ester. 

(c) A vellowish oil (60 mg), eluted by ether, vielded glycerol on 
hydrolysis, and appeared to be impure triglyceride. 

Silicic Acid Chromategraphy of Nonlipids—A mixture contain- 
ing 1 mg of each of a number of nonlipids was dry-packed on a 
column of silicic acid (5 @; diameter 1.3 em), which was then de- 
veloped in the same way as for lipids. Compounds first appeared 
in the eluates as follows. 

Chioroform (50 ml), 5% methanol (25 ml): none. 

Methanol (90 ml), 15%: 2-aminooctanoic acid, 2-pyrrolidone- 
Searboxylic acid. 

Methanol (90 ml), 15%: cystine, glucose, leucine, proline. 

Methanol (190 ml), 25%: phenylalanine, valine. 

Methanol (50 ml), 35%: none (except tailing leucine, pheny!l- 
alanine, proline, valine). 

Methanol (40 ml), 50%: alanine, y-aminobutyric acid, threo- 
nine, tyrosine. 

Methanol (45 ml): 3-alanine, arginine (applied as hydrochlo- 
ride), aspartic acid, cysteic acid (hydrochloride), glutamic acid, 
givcine, serine. 

Water (25%) in methanol (40 ml): histidine (hydrochloride 
hydrate), lysine (hydrochloride). 

Water (40 ml): cysteine (hydrochloride). 


RESULTS AND DISCUSSION 


Extraction Method 


A batch of flies was halved after powdering with Dry-Ice. 
One-half was extracted with ether and the other with propanol, 
in both extractions the temperature being maintained, as far as 
possible, at O°. In Fig. 1, elution curves of the lipids obtained 
showed that the ether-extracted lipid was largely eluted from 
silicic acid by chloroform alone, whereas the propanol-extracted 
lipid contained a high proportion of phospholipid which had to 
be eluted by chloroform-methanol. This proportion of phos- 
pholipid was fairly reproducible in other experiments (see below). 
Thus autolysis during extraction was dramatically revealed by 
the increase in chloroform-cluted lipid (as free fatty acids, and so 


forth) at the expense of phospholipid. When dead flies were left 
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300 600 700 


i 
mg residue per fraction 


Fie. 1. Silieie acid chromatography of ligroin-soluble lipid ob- 
tained by extraction of 45 g of Drosophila with (A), ether, and (B), 
n-propanol. Lipid (2.13 g) was applied to column A: 1.90 g of 
this were eluted by chloroform alone, and 0.14 g by methanolic 
solvents. Corresponding figures for column B were 2.36, 1.36, and 
0.99 ¢. Marks on the abscissae show when changed solvents were 
introduced. 


at room temperature for several days before extraction, autolysis 
similarly altered the elution curve. 

Powdering of the flies with Dry-Ice is an unobjectionable 
method of fragmentation, and can be done efficiently and easily. 
It was desirable to extract from the powder as much as possible 
of the total ligroin-soluble lipid® at low temperature. Repeated 
washing with propanol at —20° yielded no more than 80%, but 
subsequent washing at room temperature raised this figure to 
over 99% and completed a useful extraction. Chromatographic 
results suggest that in this procedure different lipids tend to be 
extracted sequentially. 

A model experiment demonstrated that the elution behavior 
of a variety of nonlipids parallels that of phospholipids. During 
silicic acid chromatography of propanol-extracted fly lipids (and 
blood lipids (26)) free amino acids and sugars appeared predicta- 
bly in specific eluates. For our study of chemically bound amino 
acids this was an unsatisfactory finding, only avoidable by re- 
moval of nonlipids before chromatography. From published re- 
sults the Folch washing procedure (10, 24, 27) seemed most at- 
tractive for this purpose, the more so if chloroform-methanol 
(2:1, volume for volume) could replace propanol as the extracting 
solvent. Unlike propanol, it did not completely dehydrate fly 
powder at —20° (it did so at room temperature) but it did ex- 
tract over 99% of the lipid without warming to room temperature 
(Fig. 2). By subjecting one-half of an extract thus obtained 
four times to the simple washing procedure (10), and the other 
half four times to the procedure with sodium chloride, we ex- 
tended the findings of Folch et al. to Drosophila lipids. In either 
procedure the third and fourth washings were devoid of nin- 
hydrin-positive nonlipids. Ligroin-soluble lipid recovered from 


§ We arbitrarily chose to study only lipid which, after extraction 
and before chromatography, was soluble in purified ligroin (b.p., 
<60°). Such material may contain small quantities of nonlipids 
(free amino acids, sugars, salts, and so forth) and larger quantities 
of lipids which are insoluble in ligroin when purified. ‘Total 
lipid’’ means the total extractable by neutral solvents, and repre- 
sents the sum of lipid extracted by the chosen method plus that 
subsequently obtained by Soxhlet extraction. 
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Fig. 2. Course of extraction from fly powder. Figures were 
calculated for 100-g flies, different batches of which were used in 
each experiment. ——, n-propanol, total involatile residue; 
----, n-propanol, ligroin-soluble portions of involatile residues; 
------ , chloroform-methanol (2:1, volume for volume), total in- 
volatile residue (material extracted at room temperature was 
mainly insoluble in ligroin). The beginning of extraction at room 
temperature is marked with a dot. 
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Fig. 3. Silicic acid chromatography of Drosophila lipids, ex- 
tracted by chloroform-methanol and washed. Marks on the ab- 
cissa show when changed solvents were introduced. In this par- 
ticular experiment (cf. Fig. 2, succeeding paper) peak B was not 
resolved from peak A. 40.5-g flies yielded 2.20 g of ligroin-soluble 
lipid, and the weights of lipid eluted by chloroform and by 5, 15, 
25, and 35 to 100% methanol in chloroform were respectively 1.344, 
0.044, 0.534, 0.274, and 0.027 g. Total phospholipid thus weighed 
0.879 g, and total lipid recovered after chromatography 2.223 g. 


the four washings (upper phases) amounted to 2% of the total 
lipid in the simple procedure, and only 0.2% in the procedure 
with sodium chloride. 

In the method adopted Drosophila were powdered with Dry- 
Ice, and the powder was washed eight times with chloroform- 
methanol at —20°. The lipid extract obtained was subjected 
to two Folch washings with brine, evaporated, and the ligroin- 
soluble residue was chromatographed on silicic acid. This 
method is reproducible, and in principle is recommended for most 
chemical investigations of lipids. Biological materials other 
than Drosophila require slightly different handling. For exam- 
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Taste I 
Distribution of lipid components among fractions eluted 
from silicic acid 
Tests are recorded as positive by fraction letter and weakly 
positive by (w). 


— 


— 


Component Peaks (Fig. 5) 
Cholesterol A(w), B, D*E*, G* 
Choline iN 

(by Dragendorff) O 
Ethanolamine I, J(w), K(w), Low), Miw) 
Glycerol _A, B,C, D, E, F, G, H, 1, J(w), 
| Kiw), Liw), M, N 
Inositol G, H,1,J,K,L,M,N 
Phosphorus D, E, F(w), G, H, 1, J, K, L, M, 
N,O,P + Qiw), 

Plasmalogen A(w), D(w), E, H, I, M,N 
Ninhydrin test H, I,J, K, L,M 
—CONH— test E(w), G, H, 1, J, K, 


M(w), O(w), P + Q(w), 


* Brown color rather than typical blue-green for cholesterol, 


ple, blood may be mixed directly with the solvent at —78° (26). 
The method appears to have advantages over others currently 
proposed (e.g. (5, 28)). 

Drosophila Lipids 

So far as we are aware, no detailed study of Drosophila lipids 
has been published. With the adopted method we obtained 
elution curves with 19 peaks, as shown (A to S) in Fig. 3. The 
pattern of elution and the quantitative and chemical data (Fig. 3, 
Tables I and II) were reproduced satisfactorily in several experi- 
ments on different batches of flies. The total, ligroin-soluble 
lipid content of whole flies (6.1 + 0.3% by weight) was fairly 
constant in all batches. Neglecting minor quantities obtained 
by Soxhlet extraction of residues from the main extraction, the 
ratio of the weight of lipid (containing phosphatidylethanol- 
amine) eluted by 15% methanol in chloroform to the weight 
eluted by chloroform was similarly constant (0.38 + 0.02). 
Phosphorus was entirely absent from fractions eluted by chloro- 
form but was present in almost all subsequent fractions and, on 
this basis, weights of phospholipid and nonphospholipid could 
be calculated. Whole flies contained 2.2 + 0.1% by weight of 
phospholipid. 

Infrared spectra of lipids of peaks A to O were examined, and 
all showed characteristic lipid absorptions at 2950-2910 (s.), 
2870-2850 (s.), 1735-1725 (s.), 1455-1450 (ms.), and 1365 em 
(m.). Correlation with published data, the most useful of which 
can be found in (12, 29-32), confirmed the identifications listed 
in Table II. Lipids of peaks B to O showed absorption bands 
in the region 3500-3100 cm- (mw. to ms.), assigned to O—H 
and N—H stretching vibrations, and lipids of peaks G to O an 
unassigned band at 2700 em (w.). Lecithin fractions (peak N) 
all absorbed at about 3400 cm-', even after treatment with 
2,2-dimethoxypropane and acid (see “Experimental’’). This 
supports the view (33) that the monohydrated formula for leci- 
thins indicated by elementary analysis cannot be explained by 
simple hydration. 

Nearly all phospholipid fractions contained chemically bound 
amino acids (see Table II). Glutamic acid predominated in 
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Tasre Il 
Nature of Drosophila lipids separated by silicic acid chromatography 
Amino acids residues present 
Peak Lipids identified* 
TS 
A Hydrocarbon, wax ester, | 


cholesterol ester, tri- 
alveeride 


B Cholesterol 


| 
D Glycerophosphatidic +) i+!) | 
acid | | | | | | | | 
E Phosphatidylglycerol (7) +) i+ | | | | | | 
An 
F +/+ ++ 44+ 
| 
G Inositol phospholipid +; | | +l | 4 
H Phosphatidylethanol. | | rare 
amine, ethanolamine — | | | 
plasmalogen, phospha- | | 
tidylserine Bae | | 
I Inositol phospholipid +++ 
J Glucose-containing cere- + 
broside, glycerophos- 
| | 
Inositol phospholipid, ly-\+ + + + 
L sophosphatidyletha- +| ++i+) 
M nolamine, lysophospha- + [+/+/+/+ 
tidylserine (?) | 
| 
Phosphatidylcholine, +/+ | +++ (4444+ 
choline plasmalogen | | 
| | 
P+Q | | | 
eee | 
R +S Phosphatidopeptide (?) +} +/+) 


° Substances listed are constituents present and do not neces- 
sarily make up the entire fraction. Because of fractionation con- 
trolled by fatty acid components it is possible that one or two 
lipids are major constituents of more than one fraction. For 
example, the material of fractions L and M could not be dis- 
tinguished by infrared spectroscopy. 

t It is not known to which lipid constituents the amino acids 
are bound. 


peak D lipid. Except in fractions in which phosphatidylserine 
was obviously present, their concentration was less than one- 
tenth mole per kilogram of lipid. Minor qualitative variations 
in bound amino acid content were observed in different experi- 
ments; in some, peaks O to S afforded a greater variety of amino 
acids. It is clear from the distribution of bound amino acids 
that no one component exists in a very large quantity and none 
has yet been obtained in an amount sufficient for characteriza- 
tion. Although properly prepared fractions always have the 
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amino acids and phospholipids occurring together it remains an 
open question whether they are bound together in the same 
molecule. It is further worthy of note that in preliminary ex- 
periments we have observed that addition of C-labeled glutamic 
acid or arginine to frozen fly powder results in an appreciable 
binding to lipid during extraction. Some spontaneous com- 
bination or exchange is therefore indicated. 

Neglecting the uncharacterized amino acid-containing lipids, 
the identifications listed in Table II conform with results of 
silicie acid chromatography generally accepted in the literature. 
The material eluted in peak D (P, 4.4%), was acidic, and when 
promptly subjected to paper chromatography it gave one lipid 
zone, of high R», containing phosphorus. But if its chloroform 
solution were left exposed to the atmosphere for several days 
the residue could only be redissolved with great difficulty. Paper 
chromatography of the redissolved material revealed a lipid zone 
of high Ry, but phosphorus only at low R,, streaking from the 
origin. This suggests autohydrolysis of free glycerophosphatidic 
acid (34, 35). Elution from silicic acid before phosphatidyletha- 
nolamine is consistent with the behavior of synthetic glycero- 
phosphatidic acid,*® as also is the high Ry» value (37, 38). Nu- 
merous recent reports make it clear that this evidence does not 
exclude polyglycerophosphatidic acids. Fractions apparently 
containing such materials have been reported (13, 39, 40) as 
ninhydrin-negative yet containing nitrogen; this is consistent 
with our finding of amino acids after hydrolysis. 


SUMMARY 


1. The general problem of extractions of lipids without deg- 
radation is discussed and details of a satisfactory procedure are 
presented. 

2. Among lipids obtained from Drosophila were hydrocarbon, 
wax ester, cholesterol ester, triglyceride, cholesterol, glycero- 
phosphatidic acid, phosphatidylglycerol (?), inositol phospho- 
lipids, phosphatidylethanolamine, ethanolamine plasmalogen, 
phosphatidylserine, cerebroside, lysophosphatidylethanolamine, 
lysophosphatidylserine (?), phosphatidylcholine, choline plas- 
malogen, and lipids containing bound amino acids. 

3. Twelve different bound amino acids and perhaps peptides 
were found in lipid fractions, but no fraction contained more 
than 0.1 mole of amino acid per kg of lipid. 
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The initial steps leading to the conversion of prothrombin to 
thrombin involve a lipid factor in addition to the plasma protein 
coagulation components and calcium ion. Recently Rouser e¢ 
al. (1) studied the effects of phospholipids from various sources 
upon the recalcification time of platelet-free plasma and con- 
duded that phosphatidylethanolamines were the principal active 
lipid factors. These authors also showed that the clot-promot- 
ing activity of these materials was determined in part by the 
kind of colloidal suspension they formed in aqueous media. 
They also pointed out (2) that the degree of unsaturation of the 
fatty acid residues in the phosphatidylethanolamine molecules 
plaved a major role in determining their activity and that oxi- 
dation of unsaturated fatty acids could lead to loss of clot-pro- 
moting potency. Initial confirmation of these concepts was 
obtained by Maurice et al. (3). 

The objective of the present study has been to gain some under- 
standing of the colloidal properties of phosphatidylethanolamine 
in aqueous suspension, in particular those of importance in blood 
coagulation. 

Accordingly, pure phosphatidylethanolamines of differing de- 
sired degrees of unsaturation were prepared from egg yolk and 
were examined in a coagulation system otherwise composed of 
purified protein components (4). 


MATERIALS AND METHODS 


Preparation of Phosphatidylethanolamine—Fresh reagent grade 
“lvents were used without further purification but were thor- 
oughly deoxygenated with pure nitrogen. Deionized water was 
wed throughout. All purification procedures were carried out 
in an oxygen-free atmosphere and, except where stated, at —5°. 

The phosphatidylethanolamine was prepared essentially ac- 
cording to Rhodes and Lea (5). The volks of fresh eggs were 
lyophilized and extracted with acetone. Phospholipids were 
then extracted with chloroform-methanol 2:1 (volume for vol- 
ume) and nonlipid contaminants were removed by the washing 
procedure of Folch et al. (6). The lipids were concentrated under 
reduced pressure of nitrogen at 30° and precipitated by excess 
acetone at —25°. The ethanol-insoluble lipids were precipitated 


* This is publication No. 958 of the Cancer Commission of Har- 
vard University. 

t This work was supported by grants No. C3943 and No. CY- 
421 from the National Institutes of Health, Kresge Foundation, 
and other charitable trusts, by contributions from companies 
interested in the alleviation or cure of human diseases. 


from concentrated chloroform solution at —25° according to the 
procedure of Hanahan et al. (7). This precipitate formed the 
starting material for silicic acid chromatography. 

Before use, silicic acid (reagent grade, 100 mesh, Mallinckrodt) 
was heated for at least 3 hours at 110° under reduced pressure. 
It was then made into a slurry with oxygen-free petroleum ether 
(b.p., 30-60°) and this was used to pack the column. 

The column was washed successively with petroleum ether, 
(b.p., 30-60°), chloroform-methanol 1:1 (volume for volume), 
and finally chloroform. The phospholipid was applied in chlo- 
roform at a concentration of no more than 0.8 mg of P per g of 
adsorbent. Stepwise elution was carried out with (a) chloro- 
form (10 ml per g of adsorbent) (6) chloroform-methanol 7:1 
(volume for volume) (10 ml per g adsorbent) to remove most of 
the pigment associated with the phosphatidylethanolamine, and 
(c) chloroform-methanol 4:1 (volume for volume). Fractions 
were collected under an atmosphere of COs at —25°. The first 
and last ninhydrin positive tubes were discarded. The rest were 
pooled, concentrated, and rechromatographed to remove traces 
of pigment and to obtain fractions of desired unsaturation. The 
final product was precipitated with acetone and stored in ace- 
tone at —30° in the absence of oxygen. Although these prep- 
arations contain only the diesters of glycerophosphorylethanol- 
amine, the fatty acid composition is heterogeneous. We have 
confirmed the finding of Rhodes and Lea (8) that the initial 
phosphatidylethanolamine fraction to come off the column is the 
one with the highest degree of unsaturation; there is a rapid de- 
crease in unsaturation in successive fractions. It has thus been 
possible to divide a single phosphatidylethanolamine preparation 
into subfractions of decreasing unsaturation. Thus in one run, 
the iodine numbers of successive phosphatidylethanolamine frac- 
tions were 157, 149, 139, 119, 94, and 77. In the present study 
we have used three preparations, A, B, and C, differing only in 
the degree of unsaturation of the fatty acids. Their iodine num- 
bers were as follows: A = 187, B = 132, and C = 157. 

Phosphatidylethanolamine prepared in this manner is a white 
powder, freely soluble in chloroform, trichlorethylene, benzene, 
cyclohexane, and diethyl ether. It is pure on chromatography 
on silicic acid impregnated paper (9) and upon electrophoresis in 
water-poor solvent systems at pH 7.2 and 10.8 (10). It has an 
N:P ratio of 1.00 and contains no phosphatidylserine. Spectro- 
photometric analysis in the ultraviolet shows absence of peroxi- 
dation (11). It contains no calcium. A detailed analysis of 
preparation A is given in Table I. 
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TABLE I 
Chemical properties of egg ethanolamine phosphatides 
Phosphorus: nitrogen............ | 1 
Saturated.......... » 6% 
Linoleic. . 10.3% 
187 


Preparation of Phosphatidylethanolamine Suspensions—A fresh 
solution of 10 to 20 mg of phospholipid was made in 1 ml of 
oxygen- and peroxide-free, moist diethyl ether. This was then 
injected into 10 volumes of an aqueous medium of desired com- 
position. The ether was removed by bubbling nitrogen through 
the suspension for 30 minutes at room temperature. 

The homogeneity and stability of suspensions thus produced 
depends to a large extent on the degree of unsaturation of the 
lipid; the more unsaturated preparations permit the formation 
of a more concentrated suspension at a lower pH, whereas the 
more saturated lipids will form stable suspensions only in lower 
concentrations and at alkaline pH. These complex relationships 
will be discussed more extensively below. 

Coagulation Assays—These assays were made with a thrombin- 
generating system consisting of purified plasma proteins that 
has been described in detail (4). The reaction mixture, incu- 
bated at 28°, has the following composition: 0.18 ml, 35 mm in 
Ca** and 58 mm in Mg**; 0.1 ml of antihemophilic globulin; 0.5 
ml of accelerator globulin; 0.1 to 0.2 ml of phosphatidylethanol- 
amine suspension; imidazole buffer (pH 7.3, I’ /2.08) to 3.5 ml; 
and prothrombin, 0.5 ml (containing plasma thromboplastin 
component). The amount of thrombin formed is determined by 
the rate of coagulation of a standard fibrinogen solution by ali- 
quots of the reaction mixture after various periods of incubation. 
Within the limits described, thrombin generation progresses 
linearly with time of incubation. The kinetics of this system 
has been reported in some detail in a previous publication (12). 


THROMBIN UNITS / ML 
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Fic. 1. Variation of clot-promoting activity with concentra- 
tion of phosphatidylethanolamine. Left hand side: Thrombin gen- 
eration versus incubation time with differing concentrations of 
phosphatidylethanolamine: +——+, 0.5 ug/ml; A——A, 2.5 
ug/ml; A——A, 5.0 ug/ml; 10.0 pg/ml; X——x, 25 
ug/ml; O——O, 50.0 ug/ml; @——@, 100 ug/ml; 150 
pg/ml ;@——®@, platelets 3 X 10® platelets/ml. 

Right hand side: Rate of thrombin formation with different con- 
centrations of phosphatidylethanolamine. 
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In general 0.1 to 0.2 ml of suspensions containing 0.5 to 1 mg 
per ml of phosphatidylethanolamine was used in 4 ml final vol. 
ume of reaction mixture. Thus the final concentration of phos. 


phatidylethanolamine in the reaction mixture was 12.5 to 25 | 


ug per ml. 

Effect of Oxidation—In studying the biological behavior of 
highly unsaturated phosphatidylethanolamines, it soon became 
apparent that even slight oxidation caused profound changes ip 
clot-promoting activity, with first an increase in and then 4 
rapid destruction of potency. Concurrently there was a marked 
decrease in turbidity and upon re-extraction of the lipid into 
organic solvents the ultraviolet spectral changes characteristic 
of peroxidation were observed. The lability of highly unsatu. 
rated phosphatidylethanolamines points out the importance of 
preventing oxidation during their preparation. Indeed to min. 
imize side effects due to oxidation, we have used less highly un- 
saturated fractions for many of our studies. 


RESULTS 


1. Characteristics of Suspensions—Phosphatidylethanolamine 
suspensions prepared as described have a turbid aspect which 
varies with the preparation and conditions of environment. In 
general, the more saturated the preparation, the more turbid. 
However, turbidity decreases with increasing pH, decreasing 
ionic strength, rising temperatures, and also upon oxidation. 
Flocculation is produced by freezing, by Ca** and Mg** in low 
concentrations, and by NaCl at high concentration. The sus- 
pensions contain no particles visible by phase microscopy at 
1000 X magnification but all the phospholipid and clot-promoting 
activity is sedimented by centrifuging for 15 minutes at 105,000 x 
g. This is true for the simple phosphatidylethanolamine suspen- 
sion as well as for the complete incubation mixture. The sus- 
pensions are stable and without loss of potency for 2 to 3 weeks 
if stored in the complete absence of oxygen. 

2. Variation of Activity with Concentration of Phosphatidyl- 
ethanolamine—The effects of varying concentrations of phos- 
phatidylethanolamine upon the rate of thrombin formation in 
the assay system described are shown in Fig. 1. It is evident 
that phosphatidylethanolamine behaves as do blood platelets in 
this system and that there is an increase in the rate of thrombin 
formation from 0.01 thrombin units per ml per minute for 0.5 
ug of phosphatidylethanolamine per ml of reaction mixture to 
0.15 thrombin unit per ml per minute for 25 ug of phosphatidyl- 
ethanolamine per ml of reaction mixture. At even higher con- 
centrations of phosphatidylethanolamine, the activity falls off. 

The relationship of concentration to activity is quite consistent 
in any one preparation. There are, however, significant differ- 
ences between various preparations in the amount of lipid that 
will go into stable suspension at any one pH and ionic strength. 
Thus stable suspensions of 2 mg per ml can be prepared at neu- 
tral pH with the highly unsaturated preparation A, whereas 
preparation B suspends poorly at pH less than 8.0 and synthetic 
dimyristoy! phosphatidylethanolamine will go into suspension 
only at pH 10.0. 

No thrombin is formed in the absence of phosphatidylethanol- 
amine during the time periods used in these experiments, nor is 
there any evidence of antithrombin or other inhibitor activity. 
The clot-promoting activity of a suspension of phosphatidyl- 
ethanolamine at a given concentration is stable for weeks if the 
material is stored in the absence of oxygen. 

8. Variation of Activity with Environmental Temperature—To 
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test the effects of temperature, an active phosphatidylethanol- 
amine suspension was frozen; aliquots were then thawed and after 
equilibration at various temperatures for 15 hours, assayed as 
usual at 28°, producing the ascending limb (a) of Fig. 2. With 
rising temperature there was decreasing turbidity. Actually 
the increase of activity with temperature occurs within seconds 
and does not require the long equilibration periods of this ex- 
periment. On the other hand, cooling for periods of several 
hours does not change activity or turbidity until freezing occurs 
(Fig. 2). 

4. Variation of Activity with pH of Suspending Medium—Sus- 
pensions of phosphatidylethanolamine in deionized water at 
concentrations of 1 to 2 mg per ml have a pH of 4. Under these 
conditions only highly unsaturated preparations form stable 
emulsions and their clot-promoting activity is low. With an 
increase in pH to 7.5 all of the egg phosphatidylethanolamines 
went into suspension although a-dimyristoyl ethanolamine 
phosphatide did not. At lower hydrogen ion concentrations 
there is a progressive decrease in the turbidity of the suspensions 
and at pH 10 even the synthetic material forms a stable, slightly 
opalescent suspension. 

The results shown in Fig. 3 were obtained with Preparation B 
(lodine number 132). A similar pattern is observed with Prep- 
aration A, (lodine number 187) but the changes are much larger. 
In these experiments, the pH of the suspending medium is ad- 
justed to the indicated reaction, the ionic strength being kept at 
0.01. 

It isevident that with rising pH there is an increase in biological 
activity, slow up to pH 8.0 and then increasingly rapid until pH 
10.0 above which pH inhibition of the rest of the coagulation 
system occurs. Control studies showed that the addition of 0.1 
ml of buffer alone to the reaction mixture had no effect upon the 
rate of thrombin formation between pH 6.0 to 10.0. Buffers of 
pH above 10 produced a definite inhibition of thrombin forma- 
tion, by changing the final pH of the medium. The activity of 
a suspension prepared at pH 8.6 does not diminish when incu- 
bated for 1 hour at pH 7.3, an effect analogous to the nonrevers- 
ible behavior observed with temperature changes. 

5. Variation of Activity with Ionic Environment—\Inorganic 
salts affect the activity of phosphatidylethanolamine suspensions 
as shown in Fig. 4. In this experiment the phosphatidylethanol- 
amine concentration of the suspension was 0.75 mg per ml and 
the salt concentration was varied. The final phosphatidyl- 
ethanolamine concentration in the assay was 20 ug per ml. Peak 
activity is greater and occurs at lower salt concentrations with 
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Fic. 2. The variation of activity with environmental tempera- 
ture. @——@, warming curve; J, cooling curve. 
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Fic. 5. Changes in clot-promoting activity of phosphatidyl- 
ethanolamine suspensions upon incubation in various media. 


the polyvalent ions than with sodium chloride. In the case of 
sodium, calcium, and magnesium, the decrease of activity at 
higher salt levels was accompanied by increasing turbidity and 
finally flocculation. Sodium sulfate produced no gross effects 
on turbidity and did not cause flocculation. 

The effects of calcium ion at physiological levels are further 
emphasized in Fig. 5. In these experiments a phosphatidyl- 
ethanolamine suspension prepared at pH 8.6 was preincubated 
with imidazole buffer ([/2 0.08), 0.0025 m CaCl:, buffer plus 
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Fic. 6. Structure of phosphatidylethanolamine. A, saturated; 
B, unsaturated. 


calcium and buffer, calcium and human serum albumin (1.2%) 
before the addition of the remaining factors. 

Incubation with imidazole buffer alone gave no decrease in 
activity. In contrast, calcium in the absence of buffer salt or 
protein produced a prompt and marked decrease in activity 
accompanied by flocculation. This effect was less pronounced 
at higher ionic strength, and was only minimal in the presence of 
albumin. 


DISCUSSION 


Since a single, pure preparation of phosphatidylethanolamine 
may exhibit a wide range of clot-promoting potency depending 
solely upon the conditions of suspension, it is likely that the 
colloidal state of the phospholipid in an aqueous environment de- 
termines this biological behavior. Indeed our data suggest that 
activity is associated with phosphatidylethanolamine particles of 
limited size range and surface configuration. 

Because synthetic phosphatidylethanolamine has only re- 
cently become available, there is little published regarding the 
physical chemistry of these compounds. Nevertheless much of 
the information concerning the colloid chemistry of soaps is also 
applicable here. Scale models of a saturated and an unsaturated 
phosphatidylethanolamine are depicted in Fig. 6. The polar 
groups are very hydrophilic but there is no affinity between the 
hydrocarbon chains and water, thus giving rise to a high inter- 
facial tension. For this reason the phospholipids exist in water 
as colloidal electrolytes in the form of organized aggregates. In 
line with the established behavior of soaps, these aggregates are 
believed to be micelles in which the molecules are arranged in 
double layers with the polar groups oriented toward the aqueous 
medium on the surface of the micelle and the hydrocarbon chains 
of each layer toward each other away from the surface. Such 
biomolecular leaflets have a thickness of 30 to 60 A, depending 
upon the hydrocarbon chain length, temperature, and hydration 
(13). 

1 Preliminary electron microscope examination of a phospha- 
tidylethanolamine suspension prepared in 0.01 Mm (NH,)eCO; 
showed the presence of particles of varying diameter. They con- 
sisted of round or irregular flat disks 50 to 70 A thick, either single 
or stacked on top of each other sometimes producing a contour 
map appearance. Some particles suggest crystalline organiza- 
tion. Although approximate, the thickness and appearance of 


the particles as seen in the electron microscope are consistent with 
the above theoretical scheme, but do not exclude the possibility 
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It is probable that some of the ether used in the preparation 
of the suspensions is not removed by nitrogen but becomes in. 
corporated into the micelles. The solvent localizes between the 
lyophobic ends of the fatty acid chains and thus adds to the 
total thickness of the bimolecular leaflet (14). 

The minimum concentration at which phosphatidylethanol- 
amine forms micelles is not known. However, for sodium octa- 
decyl sulfonate this concentration is 3 & 10-* mM at 60° (15); 
furthermore, each additional carbon in the chain results in a 
2-fold decrease in the critical concentration for micelle formation. 
Accordingly phosphatidylethanolamines with two 18- to 22. 
carbon fatty acids should have critical micelle concentrations of 
the order of 10-* wm. At the minimum concentrations used in 
these experiments (5 & 10-* m) the suspension would therefore 
be expected to contain only minute numbers of nonaggregated 
molecules. Finally, since the clot-promoting activity of phos- 
phatidylethanolamine was quantitatively sedimented by centrif- 
ugation at 100,000 x g for 10 minutes, we have concluded that 
activity is the property of micelles and not of molecules in solu- 
tion. 

Once the critical micelle concentration is attained, further 
addition of lipid acts to form larger micelles, a phenomenon which 
may explain the inhibitory effect of high concentration of phos- 
phatidylethanolamine. 

The forces of aggregation between saturated phosphatidyl- 
ethanolamine molecules are probably higher than those of un- 
saturated analogues because double bonds are slightly hydro- 
philic. As a consequence, saturated compounds tend to produce 
larger aggregates than unsaturated compounds, all other con- 
ditions being equal. In addition micelles of saturated phospho- 
lipid would tend to be much more rigid because of the tight 
packing and large van der Waals forces possible with saturated 
hydrocarbon chains. This is a consequence of the more orderly 
arrangement of the side chains in the saturated lipid (Fig. 6A). 
These considerations explain the fact that a highly unsaturated 
phosphatidylethanolamine, e.g. Preparation A, forms stable and 
active suspensions even when isoelectric (pH 6) whereas more 
nearly saturated compounds do so only at alkaline pH, where 
tendencies to form large, inactive micelles are opposed by elec- 
trostatic forces. 

When the phosphatidvlethanolamine molecules aggregate, 
their interfacial energy is largely abolished and it is this change 
of free energy, together with the van der Waals attractions be- 
tween hydrocarbon chains, that maintains the phospholipid in 
colloidal suspension rather than in solution. The interfacial 
energy is smaller the larger the particle, but with disk-shaped 
micelles such as we have here, the difference in free energy be- 
tween large and small particles is not great. Hence, although 
the above forces presumably set a lower limit to stable micelle 
size, the formation of large particles from small ones is probably 
a slow process. 

The size, shape, and charge configuration of micelles is also 
influenced by forces operating in the environment. Attractive 
forces tend to produce large, tightly packed aggregates, but 
repulsive forces favor small, loose micelles. The interplay of 
these forces arising largely from the temperature, pH, and ionic 
composition of the environment is very evident in our experi- 
ments and must be considered in some detail. 


that the hydrated micelles consist of spheres with double layered 
walls, 
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Our data show that increase in environmental temperature 
produces a rapid increase in the clot-promoting activity of phos- 
phatidylethanolamine accompanied by a decrease in turbidity. 
As the temperature is raised there is increased thermal motion 
and hence diminution of van der Waals attractions; in addition, 
the acid dissociation of ethanolamine would be increased, leading 
to greater ionic repulsion. These effects lead to tilting of the 
hydrocarbon chains and should favor formation of smaller, 
thinner micelles. Moreover, since we are dealing with a hetero- 
geneous population of fatty acid moieties, increased vibrational 
energy might also result in a reorganization favoring close associ- 
ation of molecules with complementary fatty acid configurations. 
One may postulate, therefore, that the above effects lead not 
only to small particles but also to a more stable distribution of 
fatty acid residues within molecules. Because of the small 
difference in free energy between small and large micelles the 
return to large particles upon cooling proceeds very slowly, par- 
ticularly if the above molecular reorientation has occurred. 
This reasoning readily explains the apparent irreversibility of 
the warming curve. When freezing occurs, the hydration films 
of the micelles merge and they form large aggregates. Thus, 
when a suspension is frozen and then thawed at 1° it loses most 
of its activity and contains predominantly large clumps of lipid. 

Although the electrostatic interactions between phosphatidy]- 
ethanolamine molecules and between micelles depend upon the 
pH, ionic concentration, and ionic composition of the suspension 
medium, they are not explicable by the principle of ionic strength 
or by simple Debye-Huckel relationships. 

The ethanolammonium ion has a pK, of 9.5 and its pK is 
probably very close to this value in phosphatidylethanolamine 
(16). The pK, of the substituted phosphoric acid is believed 
to be near 2.0. Therefore, phosphatidylethanolamine must ex- 
ist as an isoelectric dipolar ion between pH 4.0 and 8.4. This 
has been confirmed by electrophoretic measurements (10). In 
this state dipole-dipole attractions favoring aggregation are 
greatest, whereas ionic repulsions are negligible. At alkaline 
reactions where significant dissociation of the ethanolammonium 
ion occurs, some of the phosphatidylethanolamine molecules be- 
come negatively charged, thus leading to electrostatic repulsion 
between molecules and even between micelles. These effects are 
apparent in Fig. 3. The graph of activity versus pH resembles 
the alkaline titration curve of phosphatidylethanolamine (13).? 
As before, the increase in potency is accompanied by diminished 
turbidity. Thus electrostatic repulsion alone can cause a de- 
crease in micelle size—a change which has already been con- 
nected with increasing activity. The hysteresis observed in our 
temperature experiments occurs here also and for the same rea- 
sons except that the repulsive force here is electrostatic rather 
than kinetic. Thus phosphatidylethanolamine suspensions pre- 
pared at neutral pH rapidly gain activity with increased pH, 
but do not lose potency when the pH is again reduced (Fig. 3). 

It has been shown by Corrin and Harkins (17) and others 
that the addition of salts to suspensions of colloidal electrolytes 
lowers the critical micelle concentration, with a dependence solely 
upon the ion with the charge opposite to that of the micelle. 
The diminution of activity and increase of turbidity of slightly 
alkaline suspensions of phosphatidylethanolamine by high con- 
centrations of salt (Fig. 4) are presumably explicable on this 


* The degree of activity change per unit increment of pH is 
highest in the most unsaturated phosphatidylethanolamine. 
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basis, although very little is actually known about the effects of 
salts on colloidal electrolytes. On the other hand the initial 
augmentation of activity at low salt concentrations is most likely 
due to the decrease in dipole-dipole attractions caused by a 
screen of salt ions. 

The effects produced by the polyvalent ions, caleitum, magne- 
sium, and sulfate (Fig. 4) are more complex. As before, there is 
an initial activation but at much lower salt concentrations than 
with NaCl. This is followed by precipitous inhibition, accom- 
panied by flocculation at increasing concentrations of calcium 
and magnesium ions; but flocculation was not observed when 
sulfate ions were added. These phenomena are not explicable 
on the basis of ionic strength and must be considered in light of 
the probability that Ca**, Mg**, and SO,~ form incompletely 
dissociated complexes with ==PO,- and —NH;*. Such com- 
plexes would have quite different electrostatic interactions than 
those of the simple dipolar ions. 

It is of particular interest that Ca** flocculation occurs at 
concentrations below those necessary for the later clotting re- 
action. It would thus appear that the various plasma proteins 
also modify the reactions of phosphatidylethanolamine suspen- 
sions. 


SUMMARY 


1. Pure egg phosphatidylethanolamines show strong platelet- 
like activity in blood coagulation systems consisting of purified 
protein components. 

2. The clot-promoting activity of egg phosphatidylethanol- 
amines is a property of particles in colloidal suspension. 

3. The colloidal behavior of these particles determines their 
clot promoting activity and depends upon (a) the degree of un- 
saturation of the fatty acids in the phospholipid and (6) the 
temperature, pH, and ionic composition of the suspending me- 
dium. 

4. The behavior of phosphatidylethanolamines in the system 
studied here suggests that the active micelles are bimolecular 
leaflets of limited size, thickness and surface configuration. 
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Although it has been conclusively demonstrated in numerous 
reports that acetate and mevalonic acid are converted to squalene 
or sterols (3-10), it has not been proved that mevalonic acid is 
formed from acetate by a mammalian enzyme system. Evi- 
dence has been presented, however, for the formation of this 
compound from B-hydroxy, 8-methy! glutaryl coenzyme A in the 
presence of reduced triphosphopyridine nucleotide by a cell-free 
extract of veast (11-12). 

In the present work the rat liver enzyme system of Bucher and 
MeGarrahan (3) was fractionated with ammonium sulfate, and 
the cofactor requirements for the conversion of acetate to sterols 
by this system were determined. The conversion of 1-C™- 
acetate to mevalonic acid by this system was demonstrated 
through the use of a trapping pool of mevalonic acid and sub- 
sequent crystallization of the DBED!' salt to constant specific 
radioactivity. Confirmatory evidence was obtained through 
conversion of the acid to hydroxamate and benzhydrylamide 
derivatives. The hydroxamate derivative was chromato- 
graphed, eluted, and the specific radioactivity was determined. 
The benzhydrylamide derivative was crystallized to constant 
specific radioactivity. The presence of a second radioactive 
product formed from 1-C™-acetate which is very similar in some 
chromatographic properties to mevalonic acid is also reported. 


EXPERIMENTAL 


Chemicals—The chemicals used were commercial products. 
ATP, CoA, oxidized and reduced DPN and TPN and glucose 
l-phosphate were obtained from the Sigma Chemical Company. 
V.N’-Dibenzylethvlenediamine diacetate and benzhydrylamine 
were obtained from the K and K Laboratories. GSH was ob- 
tained from the California Foundation for Biochemical Research. 
1-C™. Acetate was obtained from the Volk Radiochemical Com- 
pany, and nonradioactive mevalonic acid (DBED salt and 
lactone) was obtained from Dr. Karl Folkers of Merck and 
Company, Isotopes Specialties Company and Mann Research 
Laboratories, Ine. 

Assay of Reagents—Concentrations of chemicals were de- 
termined as follows: Light absorption at 260 mu was used to 
determine the concentration of ATP, DPN, and TPN and light 


* This work was supported in part by research grants, RF56:393, 
RF57:393 and RF5S8:322 from the Wisconsin Alumni Research 
Foundation and grants 47-2426 and 47-2661 from the Wisconsin 
Heart Association. Preliminary reports of these studies have 
been presented (1, 2). 

‘The abbreviations used are: HMG, 8-hydroxy-8-methyl- 
glutarvl- ; DBED salt, dibenzvlethyvlenediamine salt of me- 
valonie acid. 


absorption at 340 my was used to measure the concentration of 
DPNH and TPNH. The concentration of CoA was determined 
by the nitroprusside reaction of Grunert and Phillips (13), and 
the concentration of enzyme protein was determined by the 
biuret reaction as adapted by Gornall et al. (14). 

Preparation of Enzyme System—Freshly excised rat livers were 
perfused a few seconds in the cold buffer of Bucher and Me- 
Garrahan (3), minus glutathione and sucrose, and then ho- 
mogenized in two volumes of the buffer in a Potter-Elvehjem 
tvpe homogenizer of l-mm clearance. Only six strokes were 
used for homogenization, for more vigorous treatment resulted 
in a greatly reduced activity of the preparation. The centrifuga- 
tion procedure described by the above authors was used to ob- 
tain microsomal and supernatant fractions. The supernatant 
solution was then fractionated with neutral ammonium sulfate 
solution at 0° into the following fractions: A, 0 to 25%; B, 25 
to 40%; C, 40 to 55% and D, 55 to 80% of saturation. Each 
fraction was dissolved in 0.1 M phosphate buffer and dialyzed 2 
hours at 0° against 2 liters of 0.003 mM phosphate buffer of pH 
7.0. After dialysis, the fractions were adjusted to the desired 
volume, and then these fractions and microsomes were stored 
separately in 0.1 mM phosphate, pH 7.0, for varying periods of 
time, up to 20 days, on Dry-lce. 

Preparation of Incubation Mixture—\-C™-Acetate, cofactors, 
phosphate buffer, and enzyme fractions were added, in the 
quantities indicated in each table and figure, to 50-ml Erlenmeyer 
flasks. The final volume was 5.0 ml. Each flask was then 
aerated for 1 minute with oxygen, tightly stoppered, and the 
contents were incubated at 38° for 3 hours. 

Extraction of C“™-Labeled Products—After incubation, samples 
were transferred to glass-stoppered extraction tubes; 6 ml of 
10% alcoholic KOH were added and the samples were saponified 
by heating in a water bath at 75° for 1 hour. After cooling 
nonsaponifiable compounds were extracted with three 5-ml por- 
tions of petroleum ether. The combined extracts of each sample 
were reduced to a volume of 2 ml, and aliquots were plated for 
measurement of radioactivity. The residual alcoholic solution 
was acidified to pH 2.0 with concentrated HCI and then extracted 
with three 5-ml portions of petroleum ether. The combined 
extracts of each sample were reduced to 2 ml and aliquots were 
plated for measurement of radioactivity. 

Identification of Nonsaponifiable Products—Carrier cholesterol! 
was added to the pooled nonsaponifiable fraction obtained from 
several incubations and the mixture of sterols was precipitated 
with digitonin. Sterols were then regenerated with boiling 
pyridine and precipitated with ethyi ether. Cholesterol was 
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separated from other sterols by preparation of the dibromide 
derivative as described by Schwenk and Werthessen (15). 

Carrier squalene was added to the nonsaponifiable compounds 
not precipitating with digitonin, and the mixture was chroma- 
tographed on alumina. Squalene was eluted from the column 
with petroleum ether, and coincidence of radioactivity with 
weight was obtained. The eluted material was identified as 
squalene by preparation of the hexahydrochloride derivatives as 
described by Langdon and Bloch (16). 

Isolation and Crystallization of C“-Labeled Mevalonic Acid— 
Nonradioactive mevalonic acid (5 and 10 wmoles) was incubated 
with the regular incubation mixture plus 1-C™-acetate for 3 
hours. Samples were then fractionated as follows: Saponifica- 
tion and extraction was performed as described above, except 
that the residual alcoholic solution remaining after the extraction 
of long chain acids was extracted three times with 5-ml portions 
of ethyl ether. The petroleum ether extracts (acids and non- 
saponifiable compounds) were then reduced to 2 ml volumes, 
and the radioactivity in a 25 ul aliquot of each sample was 
determined. 

The ethy] ether extracts of samples which had been incubated 
with 5 and 10 wmoles of mevalonic acid were combined. The 
volume of solution was reduced to approximately 0.5 ml and 58 
mg of mevalonic acid lactone was added. Then 0.4 ml of 6 N 
KOH was added and the solution was allowed to stand 20 minutes 
to break the lactone. The sample was brought to approximately 
pH 4 with 6 n HCl, and then it was lyophilized. The residue 
was extracted repeatedly with chloroform, and the dibenzyl- 
ethylenediamine salt of mevalonic acid was prepared essentially 
as described by Hoffman et al. (17). A white crystalline product 
was obtained which melted at 124-125°. The derivative was 
recrystallized from methanol-ethyl ether to constant specific 
activity. 

In subsequent experiments nonradioactive mevalonic acid (10 
umoles) was incubated in the presence of the following com- 
ponents: glucose 1-phosphate, ATP, MgCl2, GSH, TPN, CoA, 
phosphate buffer, 1-C™-acetate, enzyme fraction CD, and micro- 
somes. The components were placed in 12-ml centrifuge tubes, 
aerated 1 minute with nitrogen and incubated 1 to 3 hours at 
38°. After incubation, the protein was precipitated by heating 
at 75° for 2 minutes. The supernatant solution was removed 
from the protein, after centrifugation, combined with a 0.5 ml 
water wash of precipitated protein, and lyophilized. Mevalonic 
acid lactone (58 mg) was added and the dibenzylethylenediamine 
salt of mevalonic acid was prepared as outlined above. 

In other experiments TPN was replaced by DPN; glucose 
1-phosphate and TPN were replaced with TPNH or DPNH, 
and the complete enzyme system was replaced with microsomes 
or enzyme fraction CD only. 

Preparation of Hydroxamate from Mevalonic Lactone—Mev- 
alonic acid was regenerated from the DBED salt by the pro- 
cedure of Lynen and Grassl (18). The salt was dissolved in 1.0 
ml of water; 0.15 ml of concentrated ammonia was added, and 
the amine was extracted with ethyl ether. Excess ammonia in 
the residual solution was removed by aeration; 0.1 ml of 12 n 
H.SO, was added, and the mixture was incubated 5 minutes at 
38°. Sufficient NasSO, was added to attain saturation, and the 
mixture was extracted six times with 1.0 ml of ethyl ether. The 
ether extract was taken to dryness; the residue was taken up in 
0.1 ml of water, and 0.5 ml of 2.5 mM neutral hydroxylamine was 
added. The sample was incubated for 1 hour, lyophilized, and 
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the residue was extracted six times with 0.5 ml of absolute 
ethanol. The volume was reduced to 0.2 to 0.4 ml and the 
precipitated salt was removed by centrifugation. The clear 
solution, 0.1 to 0.2 ml, was spotted on No. 1 Whatman paper and 
chromatographed in water-saturated butanol. A sample of non- 
radioactive mevalonic lactone which had been converted to the 
hydroxamate was chromatographed as a control. Control 
mevalonic hydroxamate was detected with a ferric chloride spray 
reagent (5% FeCl;-6H,0 in 90% ethanol and 0.1 N in HC}), 
and the radioactive hydroxamate was detected with a chroma. 
tographic strip scanner. The radioactivity, which coincided 
in Ry with the control spot, was eluted with 95% ethanol and 
radioactivity and hydroxamate determinations were made on the 
eluate. 

Preparation of Benzhydrylamide Derivative of Mevalonic Acid— 
The benzhydrylamide derivative was prepared essentially as 
described by Wolf et al. (19). Benzhydrylamine (100 mg) was 
added to 50 mg of mevalonic acid lactone, and the mixture wag 
heated at 90° for 2 hours in a test tube protected from moisture 
and carbon dioxide. The reaction mixture was dissolved in 
chloroform and washed successively with 5% hydrochloric acid, 
water, 5% sodium bicarbonate, and water. The chloroform 
solution was dried over anhydrous magnesium sulfate, filtered, 
and evaporated under reduced pressure to an oily residue. The 
residue was dissolved in hot benzene, and Skellysolve B was 
added until the solution became cloudy. <A crystalline product 
was obtained, on standing at room temperature, which melted 
at 96.0-98.5° after several recrystallizations. 

Determination of Radioactivity—Samples were counted with 
either a Packard Tri-Carb liquid scintillation spectrometer or a 
gas flow counter containing a Mylar Micromil window (Nuclear- 
Chicago). Samples insoluble in toluene were counted in the 
Thixcin gel mixture, as previously reported (20). Quenching of 
counts was determined with an internal standard. Samples 
counted with the gas flow apparatus were of infinite thinness. 


RESULTS 


Ammonium Sulfate Fractionation of Enzyme System—The re- 
sults reported in Table I show that only the CD soluble enzyme 
fractions and microsomes are required for the conversion of 
acetate to nonsaponifiable compounds. They also show that 
enzyme Fractions A and particularly B inhibit the conversion of 
acetate to nonsaponifiable compounds. Thus removal of Frae- 
tions A and B resulted in a 15 to 20-fold increase in the quantity 
of acetate converted to nonsaponifiable compounds. Further 
fractionation of enzyme Fractions C and D with ammonium 
sulfate, followed by various recombinations, resulted in a decline 
in the conversion of acetate to nonsaponifiable compounds. 
Hence in all subsequent experiments Fraction CD (40 to 80% 
saturation with (NH,)30,) and microsomes were used as the 
enzyme system for the synthesis of cholesterol. 

Properties of Enzyme System—Synthesis of nonsaponifiable 
compounds with soluble Fraction CD and microsomes was pro- 
portional to time (up to 3 hours) and protein concentration. 
The optimal pH for the system was 6.7. Synthesis was also 
dependent upon the presence of both soluble fractions and 
microsomes, and maximum synthesis was achieved with a ratio 
of 2 mg of microsomal protein to 5 mg of soluble protein. Both 
enzyme fractions were stable for long periods of time (at least 
3 months) when stored separately or together in a Dry-Ice chest 
in 0.1 Mm phosphate buffer. 
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Taste I 
Synthesis of lipid compounds by microsomes and (NH,),S0O, 
precipitated enzyme fractions of rat liver 
supernatant solution 

The complete incubation system contained: ATP, 5.0 wmoles; 
glucose-l -P, 25umoles; GSH, 30 umoles; MgCl. 30 umoles; CoASH, 
0.20 umoles; DPN, 1.25 TPN, 1.30 pmoles; 1-C"-acetate, 
5.0 pmoles and 265,000 ¢.p.m. per wmole; phosphate buffer, pH 
7.0, }00 pmoles; microsomes plus ammonium sulfate precipitated 
enzyme fractions and water to a volume of 5.0 ml. The protein 
contents of the incubation mixture were as follows: microsomes 
plus supernatant solution, 54.1 mg; microsomes plus (NH4)SO, 
ppt. 0 to 80%, 32.9 mg; microsomes plus Fraction CD, 29.0 mg. 
Enzyme fractions A, B, C, and LD) were precipitated from rat liver 
supernatant solution by 0 to 25, 25 to 40, 40 to 55, and 55 to 80% 
of saturation with ammonium sulfate. The equation A = b(S — 
s)/(1 — s) was used to calculate the amount of saturated am- 
monium sulfate solution required to secure each concentration. 
In this equation A = the volume of saturated ammonium sulfate 
required; b = the initial volume of solution of enzyme protein; 
S = the desired percentage saturation with ammonium sulfate; 
s = the initial ammonium sulfate concentration of the enzyme 
protein solution. 


| 
Petroleum 


Non- 
Enzymatic components saponifiable ether soluble 
compounds compounds 


—— 


pmoles of acetate 
104 


— 


Experiment I | | 
Microsomes + supernatant solution.. .. | 5.45 4.85 
Microsomes + (NH,)s80, ppt. 0-80%...| 1.51 5.38 
Microsomes + Fractions ABCD 0.62 1.72 
Microsomes + Fractions ABC | 0.32 0.89 
Microsomes + Fractions ABD 1.57 3.47 
Microsomes + Fractions ACD. | 16.1 17.8 
Microsomes + Fractions BCD... __. | 0.68 3.92 

Experiment II | 
Microsomes + Fractions ACD.. 19.1 «18.3 
Microsomes + Fractions CD... | 0.3 | 2.0 


Requirements for Cofactors—The cofactors used initially were 
those reported by Bucher and MeGarrahan (3). Many other 
possible cofactors were tested, but only those listed in Table II 
were found to be essential. Elimination of any one of these 
compounds from the system caused a complete or nearly complete 
failure of synthesis of nonsaponifiable compounds. Elimination 
of ATP, Mg**, GSH and CoA also caused a nearly complete 
failure of the system to synthesize petroleum ether soluble 
compounds, and elimination of the other three cofactors caused a 
marked reduction in the synthesis of these compounds. 

The concentrations of acetate and each of the cofactors, except 
DPN and TPN, were varied in the incubation mixture and the 
incorporation of radioactivity into the nonsaponifiable and 
petroleum ether soluble compounds was determined (Pig. 1). 
Incorporation of radioactivity into each of the product fractions 
Was proportional to concentration of cofactor, up to an optimal 
concentration. Concentrations of ATP or Mg** bevond the 
optimal value were very inhibitory. Inhibition by the other 
cofactors was not observed. 

Identity of C“-Labeled Products—When the nonsaponifiable 
compounds pooled from several experiments and added non- 
radioactive cholesterol were treated with digitonin, 48 and 57% 
of the original radioactivity were found in the precipitate in 
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Taste II 


Effect of omitting cofactors upon incorporation of 1-C™- 
acetate into nonsaponifiable and petroleum ether 
soluble compounds by rat liver enzyme system 


The complete incubation system contained all the components 
listed in Table I, plus microsomes and ammonium sulfate precipi- 
tated Fraction CD (total protein, 13.1 mg). The specific activity 
of the 1-C-acetate was 256,000 ¢.p.m. per umole. 


| Petroleum 


Non- 
Cofactor omitted saponifiable \ether soluble 
compounds | compounds 


pmoles acetate 
incor porated/flask 10% 


0.0 
Glucose-1-P. . | 0.0 3.7 
ae | 0.4 0.8 
CoASH 0.0 0.0 
DPN. | 1.1 5.0 
TPN. (0.0 2.9 
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Fic. 1. Incorporation of 1-C't-acetate into nonsaponifiable, 
©O-—— ©, and petroleum ether soluble, @- -@, compounds as a 
function of the concentration of each cofactor. The complete in- 
cubation system contained the components in the amounts listed 
in Table I plus microsomes (2 to 4 mg of protein) and ammonium 
sulfate Fraction Cl) (10 to 20 mg of protein). In each assay the 
complete system was prepared minus the cofactor under study. 
This compound was then added in varying amounts as shown in 
the figure. 
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TaB_e III 
Separation of C'*-labeled nonsaponifiable compounds 


| 


Experiment 
Nonsaponifiable compounds 
and derivatives 


I | II 


Radioactivity, initial......_.. 192,600 e.p.m. 256,000 ¢.p.m. 
Radioactivity, digitonide..... 92,000 ¢.p.m. | 146,000 ¢.p.m. 


Radioactivity, dibromide..... 22,500 c.p.m. 38,000 e¢.p.m. 
Specific radioactivity, digito- | 
c.p.m./mg c.p.m./mg 
Specific radioactivity, dibro- | 
c.p.m./mg c.p.m./mg 
Precipitated as digitonide... 418% 57% 


* Calculated as cholesterol. 
+t Calculated from ratios of specific radioactivities of dibromide 


and digitonide. 


TasBLe IV 


Specific radioactivity of squalene before and after 
formation of hexahydrochlorides 


71,400 e.p.m. 
738 ¢.p.m./mg 


Total radioactivity . .. 
Specific 


Total radioactivity, hexahydrochlo- 

Specific radioactivity, hexahydrochlo- 

Specific radioactivity, squalene. ... 805 ¢.p.m./mg 


separate experiments (Table III). Of the original radioactivity, 
29% was present in cholesterol as calculated from the specific 
radioactivities of the sterols in the digitonin precipitate and 
cholesterol in the dibromide (Table IIT). 

The supernatant solution and the washes from the digitonin 
precipitate were found to contain radioactive squalene on chroma- 
tography on alumina. Close agreement in specific radioactivity 
of squalene and squalene of the hexahydrochloride derivatives 
was also obtained (Table IV). 

The petroleum ether soluble fraction seems to contain a single 
radioactive component. An Ry of 0.12 to 0.17 is obtained on 
chromatography in the 85% acetic acid-kerosene system of 
Kaufmann and Nitsche (21). The Rp value for this compound 
is close to that of palmitic and stearic acids (0.12 to 0.18 and 
0.20 to 0.30) but the compound is not palmitic or stearic acid 
for radioactivity was not recovered in the crystalline product 
when either added stearic or palmitic acid was crystallized. This 
compound is also less polar than farnesenic acid? (Rp, 0.42). 
The further identity of this compound is under investigation. 

Synthesis of C“-Mevalonic Acid from 1-C™-Acetate—When the 
protein of the incubation mixture was precipitated by heating at 
75° for 2 minutes and centrifuged, the bulk of the nonsaponifiable 
compounds and the petroleum ether soluble acids were removed 
from solution with the protein. Addition of an equal volume of 
2% alcoholic KOH to the supernatant solution and extraction 


2 The authors are deeply grateful to Dr. 8. Gurin of the Uni- 
versity of Pennsylvania School of Medicine for a generous gift of 
farnesenic acid, 
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with petroleum ether removed the remaining nonsaponifiable 
compounds. Acidification of the residual solution and extrac. 
tion with ethyl ether vielded a radioactive compound which had 
chromatographic properties very similar to those of mevalonic 
acid. It was indistinguishable from mevalonic acid in butanol. 
formic acid-water (77:10:13) and in butanol-ammonia (butanol 
saturated with 1.5 N ammonium hydroxide). The Rp in the 
former system was 0.70 to 0.80 and in the latter system 0.12 to 
0.18. However, when carrier mevalonic acid was added and the 
dibenzylethylenediammonium salt was prepared, radioactivity 
was lost on successive recrystallizations. A similar compound 
could be synthesized with a pigeon liver enzyme fraction pre. 
cipitated between 50 to 65% of saturation with ammonium 
sulfate. The compound was not converted to nonsaponifiable 
compounds or to petroleum ether soluble acids by the rat liver 
enzyme system. 

Since the experiments described immediately above vielded 
negative results, the trapping methods described earlier were 
used to obtain evidence for the synthesis of mevalonic acid by 
the rat liver system. C-labeled mevalonic acid was isolated 
as the DBED salt from the complete incubation mixture follow- 
ing incubation with nonradioactive mevalonic acid. Crvystalliza- 
tion of the salt to constant specific radioactivity is shown in 
Fig. 2. 

Table V reports the results of experiments designed to de- 
termine the requirements for the synthesis of mevalonic acid 
from 1-C™ acetate. Both enzyme fractions, microsomes and the 
soluble enzymes, are required for this synthesis. Maximum 
synthesis of mevalonic acid is achieved in the presence of glucose 
l-phosphate and TPN. About one-third as much synthesis oc- 
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Fic. 2. Specific radioactivities of the dibenzylethylenediamine 
salt of mevalonic acid on repeated crystallization. The incuba 


tion mixture was saponified, extracted with solvents and the 


The DBED 


DBED salt was prepared as described in the text. 
salt was recrystallized from methanol-ethyl ether. 
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curs when TPN is replaced by DPN and a lesser amount of 
evnthesis also occurs when DPNH replaces TPNH. No syn- 
thesis occurs in the presence of glucose 1-phosphate and the 
absence of DPN and TPN. The variability in the synthesis of 
mevalonic acid between Experiments I and III is entirely at- 
tributable to the microsomal fraction, for this was the only 
variable factor in the controls of these two experiments. 
Further proof of the biosynthesis of mevalonic acid was ob- 
tained through preparation of benzhydrylamide and hydroxamate 
derivatives. The DBED salt and the benzhydrylamide were 
prepared on different aliquots of the same incubation mixture 
aml both derivatives were recrystallized to constant specific 
activity. The DBED salt was treated by the method of Lynen 
and Grass! (18) to regain the mevalonic acid in lactone form. 
The lactone was converted to the hydroxamate and chroma- 
tographed in a butanol-water system. A _ radioactive peak 
was obtained which coincided in R, (0.37 to 0.40) with that 
of authentic mevalonic hydroxamate. After chromatographic 
separation, the peak was eluted and measurements were made of 
the radioactivity and quantity of hydroxamate. The results of 
these determinations, Table VI, are conclusive proof of the 
evnthesis of mevalonic acid from acetate by the rat liver system. 


DISCUSSION 


All of the enzymes required for the synthesis of cholesterol 
from acetate are present in the microsomes and the soluble 
protein fraction precipitating between 40 and 80% of saturation 
with ammonium sulfate. The enzymes precipitating between 0 
am! 40% of saturation with ammonium sulfate have an inhibitory 
effect of an unknown nature on this biosynthetic reaction. 
Powibly this inhibition results from a diversion of acetyl-CoA to 
straight chain acids, for it has been shown that enzymes effecting 
the synthesis of fatty acids in the pigeon liver system are pre- 
cipitable in this range of saturation (22). 

The synthesis of sterols from acetate by the above system 
requires ATP, CoA, Mg**, GSH, TPN, DPN, and glucose 1- 
phosphate as cofactors. Optimal synthesis by the system is 
obtained at pH 6.7. Inhibition of synthesis of sierols by Mg** 
and ATP is observed at concentrations above optimum. The 
synthesis of nonsaponifiable compounds from acetate (17 dif- 
ferent preparations) proceeds at an average rate of 1.50 mumoles 
of acetate converted to sterols per mg of protein per hour. (This 
value is somewhat above the average of values reported in the 
tables and figures of this paper and it reflects improvements in 
the preparation, fractionation and stabilization of the enzyme 
fractions in the course of this work.) 

(“jabeled compounds synthesized from acetate include 
cholesterol, digitonin precipitable sterols other than cholesterol, 
squalene and a petroleum ether soluble compound of unknown 
structure. The latter compound is not farnesenic (23), palmitic 
or stearic acid, but its chromatographic behavior is similar to 
that of palmitic acid. 

The synthesis of mevalonic acid from acetate was achieved in 
the complete incubation mixture, and in a system containing 
ATP, Mg**, CoA, GSH, glucose |-phosphate, TPN, microsomes, 
and the CD enzyme fraction. This was expected since Rudney 
and associates presented evidence for the synthesis of HMGCoA 
from acetate by the rat liver microsomes (24) and from acetyl- 
CoA and acetoacetyl-CoA by a yeast enzyme system (25, 26). 
These workers have also demonstrated the conversion of HMG- 
CoA to mevalonic acid by a veast system (11,12). Witting and 
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TABLE V 


Relative efficiencies of nucleotides and enzyme fractions in 
synthesis of mevalonic acid 


All incubation mixtures contained: ATP, 2.0 wmoles, and 5.0 
pmoles where microsomes only were added as enzyme; MgCl, 
7.0 wpmoles; GSH, 7.0 wmoles; CoASH, 0.2 wmoles; phosphate 
buffer, pH 7.0 (to give a final concentration of 0.1 m); 1-C"- 
acetate, 2.0 wmoles and 1,120,000 ¢.p.m. per umole; mevalonic 
acid, 10 wmoles; water to a final volume of 1.2 to 1.3 ml. Other 
components were added as indicated in the table: glucose-1-P, 
9 wmoles; DPN, 0.7 smoles; TPN, 0.7 umoles; DPNH, 1.2 umoles; 
TPNH, 1.2 umoles,; soluble Fraction CD, 12.9 mg of protein; and 
microsomes, 1.6 to 2.7 mg of protein. The wmoles of acetate 
incorporated into mevalonic acid was calculated from the follow- 
ing equation: 
e.p.m./mg of DBED salt theoretical wt. (mg) 

total counts of acetate incubated 
umoles of acetate 


moles of 

Components of incubation mixture fom 

rated 108 

Experiment I 

Microsomes + Fraction CD + glucose-1-P + TPN... 129.0 
Microsomes + Fraction CD + glucose-1-P + DPN..| 45.9 
Microsomes + Fraction CD + TPNH............ ..| 16.8 
Microsomes + Fraction CD + DPNH.............. 6.6 


Microsomes + Fraction CD + glucose-1-P......._... 0.9 
Experiment II 


Microsomes + Fraction CD + TPNH. .......... 16.8 

2.2 
Experiment III 

Microsomes + Fraction CD) + glucose-1-P + TPN..| 18.9 

Fraction CD + glucose-1-P + TPN............. 5.25 

Tasre VI 
Specific radivactivities of derivatives of mevalonic acid 
Derivative c.p.m./umole 

Mevalonic acid-DBED salt. __. | 277* 
Hydroxamate | 270 
Benzhydrylamide _. | 262 


* Caleulated on the basis of 2 wmoles of mevalonic acid per 
pmole of DBED salt. Actual count was 554 ¢.p.m. per umole. 
The conditions of incubation for the formation of mevalonic acid 
were the same as those used to obtain the maximum synthesis 
reported in Table V. 


Porter (27) had also reported that CoA and GSH are not re- 
quired by microsomes and the CD enzyme fraction for the con- 
version of mevalonic acid to sterols. 

In the conversion of acetate to mevalonic acid one or more 
reactions takes place in the soluble enzyme fraction, inasmuch 
as the synthesis of mevalonic acid by microsomes is very weak 
(Table V). Two reactions known to occur in the soluble fraction 
are the formation of acetyl-CoA and the conversion of mevaldic 
acid to mevalonic acid’ (28). However, the status of the latter 
reaction in the pathway of cholesterol biosynthesis is not yet 
settled (12). Whether the conversion of HMGCoA to mevaldic 
acid also occurs in the soluble fraction is not yet known. 


* J. Brodie, H. J. Knauss, and J. W. Porter, unpublished obser- 
vations. 
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The most effective formation of mevalonic acid occurs in the 
presence of TPNH or a TPNH generating system. This result 
is in agreement with the findings of Durr et al. (12) for a soluble 
system obtained from yeast. Some synthesis of mevalonic acid 
also occurs in the presence of DPNH. Whether this signifies 
some direct utilization of DPNH in the two reductive steps of 
mevalonic acid formation is unknown as yet. However, no 
synthesis of mevalonic acid occurred in the presence of glucose 
1-phosphate and the absence of DPN and TPN in the incubation 
system, thus indicating the absence of residual quantities of these 
nucleotides in the enzyme system. 

The findings in the present work and in the work of Bucher 
and McGarrahan (3) that the initial and the final steps in the 
biosynthesis of cholesterol take place in the microsomes whereas 
intermediate compounds are formed in the soluble fraction of the 
cell (27) emphasizes the compartmentalization in the biosyn- 
thesis of cholesterol within the cell. It also emphasizes the 
necessity for the substrate to diffuse into and out of the micro- 
somes. This finding suggests the possibility that the rate of 
synthesis of cholesterol within the cell may be determined by 
the rate of diffusion of acetyl-CoA from the cytoplasm into the 
microsomes. 


SUMMARY 


1. A rat liver homogenate is fractionated into microsomes and 
a soluble fraction precipitable between 40 to 80% of saturation 
with ammonium sulfate. These two fractions contain all of the 
enzymes required for the conversion of 1-C'-acetate to cholesterol 
and related compounds. 

2. Cofactor requirements for this system are adenosine tri- 
phosphate, glutathione, coenzyme A, Mg**, di- and triphos- 
phopyridine nucleotides, and glucose 1-phosphate. 

3. Radioactive cholesterol, digitonin precipitable sterols other 
than cholesterol, squalene, and an unidentified petroleum ether 
soluble compound are found in the incubation mixture. 

4. Radioactive mevalonic acid is synthesized from 1-C™- 
acetate in the presence of nonradioactive mevalonic acid, mi- 
crosomes, the soluble enzyme fraction and cofactors adenosine 
triphosphate, coenzyme A, glutathione, Mg**, and reduced 
triphosphopyridine nucleotide. 
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Since the discovery (3) isolation (4) and characterization (5) 
of mevalonic acid (3-methyl-3 ,5-dihydroxy valerie acid), a suc- 
cexion of reports has appeared on the incorporation of this 
substance into a great variety of isoprenoid compounds. These 
range from the mono- (6) and sesquiterpenes (7, 8) through the 
tri- (9-16), tetra- (17-20), and poly- (21) terpenes. In yeast 
mevalonic acid serves as the precursor for the triterpene squalene 
and ergosterol (9-12). 

Most of the information available on intermediates in the 
conversion of mevalonic acid to squalene has been obtained with 
a yeast system. By the use of a soluble enzyme system Chaykin 
dal. (10) have shown the stepwise accumulation of 5-phospho- 
mevalonic acid, 5-pyrophosphomevalonic acid, and isopentenyl 
pvrophosphate (pyrophospho-3-methyl-but-3-ene-l-ol). Lynen 
a al. (8) have demonstrated the incorporation of chemically 
synthesized 5-phosphomevalonic acid (22) and isopenteny! pyro- 
phosphate into squalene by a similar yeast system. They have 
also characterized farnesyl pyrophosphate as an intermediate in 
this conversion. Partial purification of a mevalonic kinase from 
yeast has been reported by Tehen (23). 

Much less information is available on the conversion of mev- 
alonic acid to squalene in mammalian systems. Partial purifica- 
tion of a rat liver enayme system for the conversion of mevalonic 
acid to squalene has been reported by Popjak ef al. (13) and 
Markley and Gurin (14). The most exacting identification of 
an intermediate in the biosynthesis of squalene by the rat liver 
system has been achieved by Ogilvie (7) who reported the 
characterization of 4-carboxy-farnesol. The reports on far- 
nesenic (farnesoic) acid as an intermediate (24-25) are not con- 
vincing and are a contradiction of the data of Amdur et al. (20) 
which preclude this oxidation state. Furthermore, Wright (26) 
has found farnesenic acid to be an antimetabolite for Lactobacillus 
acidophilus which requires mevalonic acid as a growth factor. 
Presumably the rat liver enzyme system and the yeast enzyme 
system form squalene from mevalonic acid in an identical man- 
ner: but no common intermediates have been demonstrated. 

The present report is concerned with the detection, separation, 
and partial characterization of nine compounds formed from 
2-C-mevalonic acid by the rat liver enzyme system. Several 
of these compounds appear to be identical to those synthesized 
by the yeast system. Others have not been previously reported. 
The enzyme system of Bucher and MeGarrahan (27) as modified 


* This work was supported in part by research grants 47-2426 
and 47-2661 from the Wisconsin Heart Association. Preliminary 
reports of this work have been presented (1, 2). 


by Knauss ef al. (15) and a still further modified system were 
used in these studies. 


EXPERIMENTAL 


Materials—Sources of many of the chemicals used in this study 
were reported in a previous paper (15). Other chemicals were 
obtained as follows: 1- and 2-C™-mevalonic acid were obtained 
from Isotopes Specialties Company. Adenosine triphosphate- 
P* (APPP®) was prepared by Dr. Robert Metzenberg by the 
method of Lowenstein (28). Collidine was obtained from the 
Aldrich Chemical Company, and kerosene was obtained from 
Fisher Scientific Company. Fritzsche Brothers was the source 
of farnesol and geraniol. 

Methods—The assay of reagents, preparation of the enzyme 
system and the incubation procedure were described in a previous 
paper (15). Fractionation of the radioactive compounds formed 
in the incubation mixture and identification of these components 
were achieved by the following methods. 

Separation of Components of Incubation Mizxture—Squalene, 
digitonin-precipitable sterols, and cholesterol were extracted, 
separated, and identified as previously reported. Petroleum 
ether soluble substances, other than nonsaponifiable compounds, 
were extracted from the acidified incubation mixture (15) and 
then chromatographed in the kerosene-acetic acid system of 
Kaufmann and Nitsche (29). 

A second method for the separation of the C-labeled com- 
ponents of incubation mixtures was developed. In this method 
the protein was heat denatured (3 minutes at 70°), centrifuged, 
washed three times with ethanol-ethyl ether (1:1), and then 
disearded. Ethyl ether was removed by evaporation and the 
alcoholic extract was diluted with an equal volume of water. 
Nonsaponifiable compounds and the terpenoid moieties of inter- 
mediates subsequent to isopentenyl pyrophosphate were re- 
moved by three extractions with petroleum ether. Partition 
between 90% ethanol and petroleum ether brought compounds 
at or beyond the squalene level, in the biosynthesis of cholesterol, 
into the petroleum ether phase, as determined by means of sub- 
sequent chromatography. The extraction of the presqualene 
intermediates into the petroleum ether phase was accomplished 
when the aleoholie extract was diluted to 50% with water. 

The deproteinized supernatant solution of the incubation 
mixture was diluted with an equal volume of alcohol and then 
nonsaponifiable compounds were extracted with petroleum ether. 
Terpenoid compounds intermediate between mevalonic acid and 
squalene were extracted with petroleum ether after acidification 
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| 
Effect of removing cofactors and enzyme fractions upon 
incorporation of 2-C*-mevalonic acid into non- 
saponifiable and other petroleum ether 
soluble compounds 

The complete incubation system contained: ATP, 5.0 smoles; 
MgCl:, 30 wmoles; giucose-1-P, 22.5 wmoles; GSH, 30 
CoASH, 0.2 ymoles; DPN, 1.3 wmoles; TPN, 1.4 wmoles; 2-C*- 
mevalonic acid, 4.5 wymoles and 220,000 c.p.m. per symole; phos- 
phate buffer, pH 7.0, 500 wmoles; microsomes and ammonium 
sulfate precipitated soluble enzymes, 40 to 60% of saturation 
(total protein, 24 mg); and water to a volume of 5.0 ml. When 
Mn** was added in place of Mg**, 30 uzmoles were used. Incuba- 
tion was made under oxygen at 38° for 3 hours. Terpenoid com- 
pounds were extracted with petroleum ether after the extraction 
of nonsaponifiable compounds and the acidification of the residual 
solution to pH 1 to 2. 


Other terpenoid 


Nonsaponifiable | 
compounds 


Cofactor omitted | compounds 


mymoles incorporated/mg protein 


14.3 | 2.6 
Microsomes.......... 1.1 16.6 
Soluble enzymes...... 0.3 | 0.7 
__ 0.0 | 0.7 
0.2 | 1.0 
Mg**; Mn** added.... 6.4 | 2.8 
Glucose-1-P.......... 2.6 | 1.5 
4 5.7 | 14.4 
14.6 | 6.0 


of the alcoholic solution to pH 1 to 2. The terpenoid compounds 
from the heat denatured protein and those obtained on acidifica- 
tion of the supernatant solution were identical in chromato- 
graphic behavior in the kerosene-acetic acid system. These 
compounds were also identical chromatographically with the 
compounds obtained after saponification and acidification of an 
incubation mixture. These compounds were also chromato- 
graphed on silicic acid-Celite (1:1) columns. 

The intact, water-soluble, acid-labile substances containing 
the higher terpenoid compounds were extracted from the incuba- 
tion mixture with collidine. The extract was washed three times 
with water and the compounds were then chromatographed on 
paper in a system of n-amyl alcohol-collidine-water (4:4:1). 

Counting of Samples—All samples were counted with either a 
Packard Tri-Carb liquid scintillation counter or a Nuclear gas 
flow counter. Cand P® were counted on Taps 3 and 1 respec- 
tively and quenching of count was determined through counts on 
internal standards. C™ and P® counts were obtained on the 
flow counter without an aluminum absorber, whereas P® counts 
were determined with the absorber. 


RESULTS 


Requirement for Cofactors—The requirements for cofactors and 
enzymes for the conversion of mevalonic acid to squalene and 
sterols by the fractionated rat liver enzyme system are shown 
in Table I. They include microsomes, that portion of the 
soluble enzyme system precipitating between 40 and 60% of 
saturation with ammonium sulfate, ATP, Mg**, DPN, TPN, 
and glucose 1-phosphate. The latter compound could be re- 
placed by DPNH and TPNH in experiments in which short 
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incubation times (1 hour) were used. A 20% reduction in the 
conversion of mevalonic acid to nonsaponifiable compounds was 
observed in the absence of glutathione and synthesis was un- 
impaired by the omission of CoA. The nonsaponifiable com- 
pounds synthesized in one typical incubation were comprised of 
23% of squalene, 57% of digitonin precipitable sterols, and 6% 
of cholesterol, determined as the dibromide after regeneration 
from the digitonide. 

The synthesis of squalene was blocked by omission of micro- 
somes, as reported by Popjak et al. (8). The small incorporation 
of mevalonic acid into squalene by the soluble enzyme system 
in this study and in the studies of Markley and Gurin (14) is 
considered insignificant, for it could have arisen through the 
solubilization of approximately 0.02 to 0.04 mg of microsomal 
enzyme per 10 mg of soluble supernatant enzyme. The accumu- 
lation of petroleum ether soluble C-labeled compounds on 
omission of TPN or DPN or microsomes from the incubation 
mixture was observed (Table 1). 

More recent experiments than that of Table I have resulted 
in the conversion by the soluble enzyme system of 20 to 80 
mumoles of mevalonic acid (per mg of protein) to petroleum 
ether soluble intermediates in 3 hours. One milligram of micro- 
somal protein will convert the products formed from 200 to 400 
mumoles of mevalonic acid to squalene and sterols during the 
same period. The soluble enzyme fraction retains stability (over 
95%) on storage in a Dry-Ice chest for periods up to 10 months, 
Microsomes are somewhat less stable, but they may also be 
stored for considerable periods of time. 

Synthesis of C and P®™-Labeled Intermediates—When 2-C™- 
mevalonic acid was incubated with all of the required cofactors 
and only the soluble enzyme system under either nitrogen or 
oxygen a number of intermediates in the biosynthesis of squalene 
accumulated. These intermediates were demonstrated through 
chromatography of the supernatant solution after the protein 
was denatured and washed. The combined washes and super- 
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Identification of phosphorylated derivatives of mevalonic acid 
The complete incubation mixture contained ATP-P®, 50 
pmoles (APPP*® 200,000 c.p.m./umole); MgCl:, 30 smoles; GSH, 
30 pmoles; 2-C-mevalonic acid, 10 smoles (100,000 c.p.m./pmole); 
phosphate buffer, pH 7.0, 500 umoles; soluble enzyme, 21.3 mg of 
protein; and water to a final volume of 5.0 ml. Incubations were 
made under an atmosphere of nitrogen at 38° for 3 hours. Resid- 
ual P*®-labeled ATP was removed by treatment with charcoal. 
P*?:C™ ratios were determined after chromatography in the sys- 
tem of Chaykin et al. (10), and elution from the paper was made 
with ethanol-ammonium hydroxide (8:1) in the case of pyro- 
phosphomevalonic acid, and with fert-butanol-water (4:1) in the 
case of the isopentenyl 1 py rophosphate. 


-- — 


— 


P=: C™ ratios 


Rp values 
Compound 
ported Found porte 44 Found Theory Found 
0.18 0.55 0.55 1.0 
Mevalonic  pyrophos- | 
phate. 0.03 0.34 0.34 2.00 2.11 
py yrophos. 
| =! 0.32 0.65 0.65 2.00 2.06 


* The value | is that reported by Tchen (). 
t The values are those reported by Chaykin ef al. (10). 
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natant solution were lyophilized and the methanol soluble residue 
was chromatographed on Whatman No. | paper in n-butanol- 
water-formic acid (77:10:13) (9) (Fig. 1). The three com- 
pounds with lowest Ry were also chromatographed in the system 
tert-butanol-water-formic acid (19) (Table Il). The use of 2-C™- 
mevalonic acid and ATP-P® (APPP®) in the same incubation 
mixture allowed the determination of P™:C™ ratios in these 
compounds. The values given in Table Il support the deduction 
that 5-phosphomevalonic acid, 5-pyrophosphomevalonic acid, 
and isopenteny! pyrophosphate are intermediates in terpene bio- 
genesis in the rat liver system, as well as in the yeast system. 
Peak LV, Fig. 1, is mevalonic acid. Peak V contained a mixture 
of six compounds not labeled with phosphorus-32. These com- 
pounds were soluble in petroleum ether and were readily resolved 
by subsequent chromatography in the kerosene-85% acetic acid 
system of Kaufmann and Nitsche (29) (Fig. 2). 

Synthesis of C™-Labeled Intermediates beyond Isopentenyl 
Pyrophosphate—W hen isopenteny! pyrophosphate was incubated 
with the soluble enzyme system, a nearly complete conversion 
to other intermediates in the biosynthesis of squalene was ef- 
fected. These intermediates were extractable with collidine, 
and separable on chromatography, from residual traces of iso- 
pentenyl pyrophosphate. These compounds could also be syn- 
thesized from 2-C™-mevalonic acid in the presence of the soluble 
enzyme system, ATP, and Mg**. When a collidine extract of 
the latter incubation mixture was chromatographed on Whatman 
No. | paper in the system amy! alcohol-collidine-water (4:4:1) 
five poorly resolved peaks of radioactivity were found between 
Ry 0.60 to 085. Isopentenyl pyrophosphate remained at the 
origin. The compounds with the higher Ry values were not 
extracted with petroleum ether after elution from the paper and 
slution in 50% ethanol. Treatment of these compounds with 
alkaline phosphatase or water moccasin venom resulted in the 
liberation of petroleum ether soluble Compound No. 5, Re 0.75 
(Fig. 2). Asmall quantity of Compound No. 4 was also liberated 
when the water moccasin venom was used. Acidification of the 
collidine extract to pH 1 to 2, after removal of isopentenyl 
pyrophosphate, resulted in the complete transfer of radioactivity 
into the petroleum ether phase. All of the compounds shown 
in Fig. 2 were detected in this extract. 

The water-soluble, collidine extractable compounds synthesized 
from isopenteny!l pyrophosphate or 2-C™-mevalonic acid were 
synthesized from 2-C™-mevalonic acid in the presence of P®- 
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Fic. 1. Chromatographic separation of C-labeled compounds 
synthesized in an incubation mixture complete as in Table I ex- 
cept for the omission of microsomes, TPN, and CoA. See the 
text for the components of the chromatographic system and a dis- 
cussion of the identity of the C-labeled compounds. The num- 
bers over the peaks are count rates at complete scale deflection of 
the count rate meter for each peak. 
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Fig. 2. Chromatographie separation of the terpene moieties 
derived from water-soluble, acid-labile terpenoid compounds. 
The incubation mixture was the same as that of Table III. The 
terpenoid moieties were released from the water-soluble com- 
pounds by treatment with acid, and they were extracted into pe- 
troleum ether. Chromatographic separation was achieved on 
Whatman No. 4 filter paper impregnated with kerosene and de- 
veloped with 85% acetic acid saturated with kerosene (29). 


III 


Characteristics of water-soluble, collidine-extractable 
terpenoid compounds 

The complete incubation mixture contained: ATP, 5.0 umoles 
(458,000 ¢.p.m./umole of APPP®); MgCl., 30 wmoles; GSH, 30 
pmoles; 2-C™-mevalonic acid, 10 wmoles (400,000 c.p.m./ymole) ; 
phosphate buffer, pH 7.0, 500 wmoles; soluble enzyme, 21.3 mg of 
protein; and water to a final volume of 5.0 ml. Incubations were 
made under an atmosphere of nitrogen at 38° for 3 hours. 


| c.p.m. pmoles 

Radioactivity | 

195, 700 0.49 

| 17,900 0.04* 
Acid-lability, C™ | 
Petroleum ether solubles before acidi- | 

After acidification 184,000 0.46 


* The P® was present in isopentenyl pyrophosphate (as shown 
by chromatography in the system amyl alcohol-collidine-water 
(4:4:1)). 


labeled ATP (APPP®). P®:C™ ratios were obtained for pyro- 
phosphomevalonic acid and isopenteny! pyrophosphate syn- 
thesized in the same incubation mixture (Table II). 

The water-soluble, collidine-extractable compounds were 
washed free from starting material and most of the lower in- 
termediates and counted for P® and C™ radioactivity. A small 
amount of P® was present in this extract, but subsequent chroma- 
tography proved it to be in residual isopentenyl pyrophosphate. 
The results obtained (Table I11) show that these compounds 
were still water-soluble and acid-labile. In the absence of P® 
linked to the terpenoid portion of these molecules evidence is 
lacking that these compounds are acid-labile pyrophosphate 
esters of terpenoid alcohols. 

Sequence of Synthesis of Intermediates beyond Isopentenyl Pyro- 
phosphate—The sequence of appearance of the terpenoid moieties 
in an incubation mixture was determined (Fig. 3). At the speci- 
fied times the enzyme protein was heat denatured, centrifuged 
from solution, and washed with ethanol-ethy! ether (1:1). The 
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Fic. 3. Sequence of appearance of terpenoid materials. In- 
cubation mixtures were the same as that of Table I except for the 
omission of CoA, TPN, and microsomes. Values to 90 minutes are 
from a number of pooled incubations, while subsequent values 
are from single incubations. All values were obtained through 
chromatography and the numerical designation of the curves cor- 
responds to the peaks so numbered in Fig. 2. Concentrations are 
reduced to mumoles C'*-incorporated per 3 mg of protein in the 
appropriate periods. 


TaBLe IV 
Characterization of Compound 6 as farnesol 


The incubation mixture and the conditions of incubation were 
the same as those of Table III except for the addition of 22.5 
umoles of glucose-1-P and 1.4 ymoles of DPN. The terpenoid 
compounds were extracted into collidine and washed free of start- 
ing material and lower intermediates with water. The 3,5-di- 
nitrobenzoate derivative was made by the standard method. The 
product was crystallized in an ice bath from petroleum ether 
(b. p. 35 to 60°). 


Crystallization Total activity Specific radioactivity 
c.p.m. c.p.m./meg 

Experiment 1 

1 3220 19.1 

2 

3 970 19.5 

4 485 19.4 
Experiment 2 

1 | 5970 47.3 

2 | 3800 49.3 

3 

4 1320 | 49.1 


washes and the original supernatant solution were combined, 
and the ethyl ether was evaporated. After acidification to pH 
1 to 2 the terpenoid moieties were extracted with petroleum 
ether. Aliquots were chromatographed in the kerosene-85% 
acetic acid system to determine the components present. These 
were then eluted and counted. Over a period of 6 hours (Fig. 3) 
the concentrations of Compounds 6, 4, and 5 rose to a maximum, 
in that order, and then dropped to zero. The concentrations of 
Compounds 1 and 2 closely paralleled that of Compound 5, but 
neither had dropped to zero at the end of 6 hours. Net synthesis 
ceased at 3 hours, but an interconversion of intermediates con- 
tinued until Compound 3 remained as the principal product. 
Identification of Farnesol as Intermediate—Farneso] was identi- 
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fied as one of the terpenoid moieties arising from 2-C-mevalonic 
acid through chromatography and preparation of the 3,5-di- 
nitrobenzoate derivative. In initial experiments, farnesol wag 
found to have an Rp of 0.75 in the kerosene-85% acetic acid 
system. The petroleum ether soluble compound with an Ry of 
0.75, and purified by chromatography on silicic acid-Celite 
columns (1:1), was added to carrier farnesol and the 3,5-dinitro- 
benzoate was formed. Very little radioactivity was found in the 
derivative. However, when nonradioactive farnesol was added 
before cleavage of the water soluble terpenoid compounds with 
acid a 3, 5-dinitrobenzoate derivative was obtained which crystal- 
lized to constant specific radioactivity (Table IV). It is quite 
possible that the difference in results was caused by an acid- 
catalyzed oxotropic rearrangement (30) of the small quantity of 
C'*labeled farnesol to nerolidol when carrier farnesol was not 
added to the system before treatment with acid. Further 
investigation of this possibility is in progress. 

The identity of the other compounds synthesized from 2-C™. 
mevalonic acid is under investigation. There is some indication 
that Compound 6 may be geraniol. Compounds 3 and 4 have 
Ry values which are nearly the same as that reported for 4- 
carboxy-farnesol in the ethanol-ammonia system by Ogilvie (7). 
However, incubation of 1-C'-mevalonic acid alone or C-labeled 
NaHCO; with nonradioactive mevalonic acid in the rat liver 
system has not led to the synthesis of C“ labeled Compounds 3 
or 4, 

Conversion of Intermediates to Squalene and Sterols—A mixture 
of petroleum ether soluble compounds, 3, 4, and 5 (25, 35, 40% 
respectively) (Fig. 2), was obtained from heat denatured protein 
of an incubation mixture through extraction with ethanol :ethyl 
ether (1:1). These three compounds, one of which was farnesol, 
were reintroduced into a complete incubation mixture or one 
lacking a single cofactor required for the conversion of mevalonic 
acid to sterols. Over 60% of the radioactivity introduced was 
converted to digitonin-precipitable sterols (Table V). Of this 
quantity 4% was in cholesterol, as determined by formation of 
the dibromide from the regenerated sterols. This is only slightly 
lower than the percentage observed in cholesterol in many 
experiments with 1-C™-acetate or 2-C'-mevalonic acid. Elim- 
ination of either glucose 1-phosphate or TPN from the incubation 
mixture resulted in a very drastic reduction in the conversion of 
the terpenoid moieties to digitonin precipitable sterols. 

An effect of TPNH on the conversion of the water-soluble 
terpenoid compounds to squalene and sterols is also demonstrable. 
Omission of TPN from an incubation mixture results in an ac- 
cumulation of these compounds. Addition of TPNH to the 
incubation mixture results in a decrease in the concentration of 
these compounds and an increase in squalene and sterols (Fig. 4). 


DISCUSSION 


The synthesis of squalene and sterols from mevalonic acid re- 
quires the presence of ATP, Mg**, DPN, TPN, glucose 1-phos- 
phate, microsomes, and that portion of the soluble protein from 
rat liver precipitating between 40 to 60% of saturation with 
ammonium sulfate. Glucose 1-phosphate is not a necessary ce- 
factor if the reduced pyridine nucleotides are used. The require 
ments for glutathione and coenzyme A found when acetate is the 
substrate (15) or the absolute glutathione requirement reported 
by Popjak et al. (13) for a cruder enzyme system were not ob- 
served. Stabilization of the enzyme system was achieved 
through storage in a Dry-Ice chest. 
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When squalene formation was blocked by elimination of TPN, 
DPN or microsomes from the incubation mixture, nine inter- 
mediates were found to accumulate. From the chromatographic 
behavior and P®:C™ ratios of three of these compounds it was 
concluded that they were 5-phosphomevalonic acid, 5-pyro- 
phosphomevalonic acid and isopentenyl pyrophosphate. These 
compounds were originally characterized by Tchen (9) and 
Chaykin et al. (10) as compounds synthesized by the yeast 
enzyme system. Terpene biogenesis apparently, therefore, fol- 
lows & common pathway in both yeast and rat liver enzyme 
systems. 

Water-soluble, acid-labile, intermediates subsequent to iso- 
pentenyl pyrophosphate were isolated and purified. On treat- 
ment with alkaline phosphatase, water moccasin venom, or 
acidification of pH 1 to 2 one of these compounds liberated 
farnesol as established by chromatography and crystallization of 
the 3,5-dinitrobenzoate derivative to constant specific radio- 
activity. Authentic carrier farnesol was added before cleavage 
of the water-soluble derivative of farnesol to prevent the con- 
version of the tracer quantities of farnesol to a compound of a 
different structure. It is thought that an acid catalyzed oxo- 
tropic rearrangement of C™-farnesol to nerolidol occurred in the 
absence of large quantities of carrier farnesol. Further investiga- 
tions of this possibility are in progress. 

Since Lynen (8) has isolated farnesy] pyrophosphate from the 
yeast system it is not surprising that a compound containing 
farnesol should be found in the rat liver system. The confusion 
that appears in Lynen’s work, namely that farnesyl pyrophos- 
phate was first reported as the geraniol derivative (31) and then 
subsequently reported to be contaminated with gerany! geraniol 
(32) may possibly be explained by a lack of an adequate chroma- 
tographic system for the separation of the higher terpene deriva- 
tives. In the present work it is shown that after cleavage with 
acid the terpene alcohol moieties are readily separated on paper 
in the kerosene-85% acetic acid chromatographic system or on 
silicic acid-Celite (1:1) columns. Six unsaturated terpenoid 
materials have been shown to arise from this treatment of a 
collidine extract of the rat liver system. Some success has been 
achieved in the separation of the water-soluble compounds on 
paper chromatograms with the system amyl alcohol-collidine- 
water (4:4:1), but completely satisfactory resolution has not 
been obtained. However, where concentrates have been ob- 
tained, after repeated chromatography, a 1:1 relation has been 
found to exist between a given peak of water-soluble component 
and a petroleum ether soluble fragment. 

An order of appearance of the compounds above isopenteny! 
pyrophosphate is suggested from the results of C™ incorporation 
into the six water-soluble terpenoid compounds. This order is 
as follows: 


Isopentenyl pyrophosphate — Compound 6 
4 
Farnesol X 
Compounds 1 and 2 
Compound 3 


Squalene 


Whether all of these compounds are on the direct pathway to 
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TABLE V 

Conversion of terpenoid compounds to digitonin-precipitable sterols 

The complete incubation mixture contained: ATP, 5.0 umoles; 
DPN, 1.4 umoles; TPN, 1.4 pmoles; MgCl:, 30 umoles; GSH, 30 
»moles; glucose-1-P, 22.5 wmoles; phosphate buffer, pH 7.0, 500 
»moles; enzyme system (21.6 mg of protein of soluble fraction and 
3.5 mg of microsomal protein) and water to a final volume of 5.0 
ml; 68 mumoles of C-labeled substrate compounds (400 ¢.p.m./ 
mymole) were added per flask. Incubations were made under an 
atmosphere of oxygen at 38° for 3 hours. 


Cofactor omitted | Precipitable with digitonin 
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Fic. 4. Conversion of water-soluble, acid-labile terpenoid com- 
pounds to nonsaponifiable compounds in the presence of TPNH. 
Incubation mixtures were the same as those of Fig. 3; 5 umoles of 
TPNH were added after 3 hours of incubation. 


squalene is unknown, but at present there is no evidence to sug- 
gest that they are not. 

The position of 4-carboxy-farnesol in squalene biogenesis is not 
immediately evident. It is quite possible however, that this 
compound may account for the recurring reports of farnesenic 
(farnesoic) acid in the literature (24, 25). Whether one of our 
compounds is 4-carboxy-farnesol is as vet unknown. However, 
we have been unable to demonstrate CO», fixation from C"™- 
NaHCO, or retention of radioactivity from 1-C™-mevalonie 
acid in-our postisopenteny! pyrophosphate intermediates. The 
oecurrence of at least six intermediates between the C; stage 
and squalene certainly suggests, however, that the reaction 
sequence for the synthesis of squalene is considerably more 
complicated than one would expect from the theories of Chaykin 
et al. (10) or Lynen et al. (8). 

Although P® from ATP is readily detected in isopenteny] 
pyrophosphate and 5-pyrophosphomevalonic acid, we have as 
yet been unable to detect labeled phosphate in the higher, water- 
soluble, acid-labile, terpene derivatives. Furthermore, the 
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isolated petroleum ether soluble moieties were readily and almost 
completely converted to digitonin precipitable sterols, including 
cholesterol, without a requirement for ATP, when reintroduced 
into the otherwise complete enzyme system. These apparent 
peculiarities of the rat liver enzyme system as contrasted to the 
yeast enzyme system are now under investigation. 


SUMMARY 


1. An ammonium sulfate precipitated fraction of the water- 
soluble, supernatant enzyme system from rat liver has been found 
to form at least nine intermediates between mevalonic acid and 
squalene. Three of these have been identified as 5-phospho- 
mevalonic acid, 5-pyrophosphomevalonic acid, and isopenteny] 
pyrophosphate The 
other six are water-soluble, acid-labile derivatives of higher 
terpenoid compounds. Farnesol has been identified as a com- 
ponent of one of these compounds. 

2. Studies of the time of appearance of C™ in the terpenoid 
compounds suggest the following order of synthesis: No. 6, No. 
4, farnesyl x, No. l and 2, No. 3. The identity of the compound 
linked to the terpenoid moieties is unknown, but no evidence 
was obtained that it is a pyrophosphate compound containing 
phosphate derived from the terminal phosphate unit of adenosine 
triphosphate. 
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About 25 years ago, Brunelli (1) gave the first experimental 
evidence that a steroid hormone, estrone, forms nondialyzable 
complex(es) with serum proteins. It was not until 14 years later 
that Bischoff et al. (2, 3) began a systematic investigation of the 
interaction of serum protein components with estrogens as well 
as with other steroid hormones; they observed characteristic 
differences in the binding of estradiol, progesterone, and testoster- 
one to serum albumin. Samuels et al. (4, 5) recognized that an 
inverse relationship exists between the number of polar groups 
in a steroid and the strength of interaction with serum albumin. 

With the aid of a spectrophotometric procedure (6), the valid- 
itv of which was established by a comparison with the method 
of equilibrium dialysis (7), the influence of structural alterations 
in A*-3-ketosteroids on the interaction with human serum al- 
bumin was investigated in this laboratory (8). It was found 
that introduction of oxo or hydroxyl groups in various positions 
weakens this interaction, and that introduction of methyl groups 
has the opposite effect. Characteristic differences were noted 
between @ and 8 substituents in their influence on the strength 
of association. 

In the present report, these observations on steric influences 
are extended on the basis of additional results with several A‘-3- 
ketosteroids. Differences in the ability of epimers to interact 
with serum albumin lead to a stereochemical concept of interac- 
tion in which the protein molecule attaches to the rear side of 
the steroid. 


EXPERIMENTAL 


Materials—The A‘-3-ketosteroids used in the present studies 
were kindly supplied by several research laboratories... The 
melting points were determined and the compounds accordingly 
used either without further purification or after recrystallization 
from undiluted or aqueous ethanol. All spectrophotometric 
measurements were performed with aqueous solutions in phos- 
phate buffer of pH 7.6, ionic strength 0.1, prepared from reagent 
grade sodium salts and deionized distilled water. 

The human serum albumin preparation? was the same as that 


' For the steroids listed in Table I we are indebted to Merck 
and Company, Incorporated, Rahway, New Jersey (Nos. 46 and 
47); Searle and Company, Chicago 80, Illinois (Nos. 42, 43, 48, 
49); Dr. F. Sondheimer, Rehovoth, Israel (No. 37); and The Up- 
john Company, Kalamazoo, Michigan (Nos. 38 through 41; 44, 
45). 

? We are greatly indebted to the Cutter Laboratories, Berkeley, 
California, for the albumin preparation. 


used previously (8); the molarity of the solutions was based on a 
molecular weight of 69,000 (8). The @-lactoglobulin preparation 
used was a 3 times crystallized product.2 The ultraviolet absorp- 
tion curves of both of these protein preparations have been re- 
ported (6) for the concentrations applied in the present study. 

Spectrophotometric Measurements—The steroid solutions in 
aqueous media were prepared as previously described (6). The 
final concentration was 2 X 10-5 m for the steroids and 4 x 10-° 
M for human serum albumin, whereas the B-lactoglobulin solu- 
tions had a concentration equal to that of the serum albumin on 
a weight per volume basis, 7.e. 0.276%. The extinction coeffi- 
cients were measured in a Beckman model DU spectrophotom- 
eter without a photomultiplier attachment. The lamp housing 
of the spectrophotometer was cooled with water of 25.0 + 0.01°. 
Silica cells of 1 em light path were used. 

The reduction of light absorption of the steroids as a result of 
interaction with the proteins was expressed (8) as Ae, the de- 
pression value of the molecular extinction coefficient observed in 
the presence of protein, and calculated according to 


100(€. — 


Ae 


where €, = molecular extinction coefficient of steroid in phos- 
phate buffer, at the wave length of its maximal absorption, 
\#20- ande, = molecular extinction coefficient of steroid in the 
presence of protein, at A¥2° of the protein-free solution. The 
Ae values (Table I) indicate the reduction of the ultraviolet ab- 
sorption in per cent of the values observed in the absence of 
protein (€.). Table I also shows the wave lengths of maximal 
absorption in the presence of protein, ne nih which in most 
cases differ only slightly from #22 of the protein-free steroid 
solutions. 

Determination of Viscosity—An Ostwald viscosity pipette of 
approximately 125 seconds delivery time was used, immersed in 
a thermostat-controlled water bath at 25.0 + 0.01°. The con- 
trol solution contained 8 « 10-5 m (0.552%) human serum al- 
bumin in phosphate buffer pH 7.6, ionic strength 0.1; the experi- 
mental solution contained, in addition to the same albumin 
concentration, 2 * 10-5 progesterone. Since the two solutions 
differed only by the content of 0.000628% progesterone, in 
0.522% human serum albumin, the densities can be assumed to 


be identical within experimental error. 


? Purchased from General Biochemicals, Incorporated, Chagrin 
Falls, Ohio. 
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Influence of human serum albumin (HSA) or 8-lactoglobulin (BLG) 
on ultraviolet absorption of A‘-3-ketosteroids* 


1 2 3 4 5 | 6 7 | 8 
de (%) in | in 
No.t Steroid Presence | presence of 
HSA | BLG | HSA | BLG 
my mp | mp 
37 | 4-Methyltestosterone..| 259 |15,300 |16.0 | 6.7 | 255 | 256 
38 | 6a-Methyltestoster- 
249 |14,900 13.4 | 7.5 | 249 | 249 
39 | 68-Methyltestoster- 
250 15,500 |12.7 | 4.6 | 249 | 249 
40 | 6a,17a-Dimethyl- 
testosterone........ 250 15,400 {15.4 | 6.0 | 248 | 249 
41 | 68,17a-Dimethyl- 
testosterone........ 250 (16,400 |12.4 | 5.2 | 248 | 248 
42 | 19-Nortestosterone....| 248 16,200 |13.6 | 3.6 | 247 | 248 
43 | 4-Methyl-19-nor- 
testosterone........ 259 15,900 |18.2 | 5.0 | 254 | 256 
44 | 6a-Methyl-A‘-andro- 
stene-3,17-dione... | 248 |15,800 | 9.4 | 2.3 | 247 | 248 
45 | 68-Methyl-A‘t-andro- 
stene-3,17-dione....| 249 |16,200 | 7.2 | 2.1 | 248 | 249 
46 | 9a-Chloro-cortisol-21- 
247 (17,100 | 4.7 0.0 | 248 | 248 
47 | 9a-Bromo-cortisol-21- 
248 |15,300 | 5.2 | 0.0 | 248 | 248 
48 | 3-(3-Oxo-178-hydr- 
oxy -4-andro- 
stene-17a-yl) propi- 
onic acid y-lactone 
(SC-5233)ft..........| 248 (16,300 |11.8 | 4.1 | 247 | 247 
49 | 3-(3-Oxo-178-hydr- 
oxy-19-nor-4-an- 
drostene-l7a-yl)- 
propionic acid 
y-lactone (SC-8109) 248 17,100 13.9 | 4.6 | 247 | 248 


* Concentration of steroid, 2 KX 10-5 m; human serum albumin 
(HSA), 4 X 10-5 m; 8-lactoglobulin (BLG), 0.276°%; phosphate 
buffer pH 7.6, ionic strength 0.1. 

+ Continued from Table I of Reference 8. 

¢ Code number of Searle and Co. 


In estimating the minimal percentage of an albumin dimer 
detectable by the viscosity measurements, the simple viscosity 
rule of Staudinger (9) [7] = A,;M was applied, where [] is the 
intrinsic viscosity, A; a constant, and M the molecular weight 
(10). Approximately 5% dimer would be demonstrable under 
the conditions used. 

Ultracentrifugation—The same progesterone-free and proges- 
terone-containing solutions of human serum albumin were used 
as employed in the determination of the viscosity. The sedimen- 
tation rates were measured in the analytical rotor of a model E 
Spinco ultracentrifuge at 187,000 x g (50,740 r.p.m.). The 
rotor had a temperature of about 25°; the temperature at the 
end of the run did not differ by more than 0.3° from that at the 
start. Photographs were taken at 32-minute intervals. The 
positions of the albumin peaks on the plates, at the various time 
intervals, were identical for the solutions with and without pro- 
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gesterone. No faster sedimenting component was discernible; 
a quantity of at least 5% dimer would have been detectable. 


RESULTS AND DISCUSSION 


Before discussion of the steric relationship between complexing 
A‘-3-ketosteroids and proteins, the stoichiometry of the interac- 
tion will be briefly considered. The number of albumin mole- 
cules in a given volume of circulating blood greatly exceeds the 
number of steroid hormone molecules. For instance, the highest 
progesterone levels observed by Zander (11) in the peripheral 
blood during the second half of pregnancy were 0.268 ug per 
ml of plasma; placental blood was found to contain approxi- 
mately 0.65 wg (12) or 0.53 wg (13) of progesterone per ml of 
plasma. These concentrations equal 0.85, 1.69, and 2.07 x 10-6 
M, respectively; the ratio of albumin molecules to progesterone 
molecules in the plasma of the pregnant woman would be of 
the order of 500:1. It appears pertinent, therefore, to consider 
the possibility that more than one human serum albumin mole- 
cule interacts with each molecule of progesterone. 

It has been previously established (14) that for physiological 
concentrations of progesterone and albumin in the circulating 
blood, approximately 99% of the steroid is bound to albumin. 
If more than one molecule of the protein participated in the 
binding of one molecule of progesterone, dimerization or complex- 
ing of more than two albumin molecules would result and should 
be demonstrable by the viscosity and by the sedimentation 
behavior of the system. 

Determination of viscosity and sedimentation constants under 
the conditions outlined in the experimental part failed to reveal 
any differences between the albumin solutions with and without 
progesterone. It is concluded from these findings that only one 
molecule of human serum albumin complexes with one molecule 
of progesterone. It would seem reasonable to assume that a 
similar molar relationship exists in the interaction of other steroid 
molecules with serum albumin. 

The steric relationship between the two components in the 
complex was investigated by measuring the strength of interac- 
tion between albumin and epimeric steroids. Such a comparison 
should permit conclusions as to the spatial arrangement of the 
interacting molecules. For a number of A*-3-ketosteroids, inter- 
actions with human serum albumin and #-lactoglobulin were 
determined spectrophotometrically ; the results are compiled in 
Table I. In Column 3 of Table I, the absorption maxima in 
aqueous solution are listed; the 4th column shows the correspond- 
ing extinction coefficients (€). As evident from Columns 7 and 
8, the interaction of the A*-3-ketosteroids with the proteins 
causes no or only slight shift of the absorption maxima, mostly 
toward shorter wave lengths. These shifts have been consist- 
ently observed and are considered significant. 

The influence of steroid structure on the interaction with 
human serum albumin and 8-lactoglobulin can be seen in Table 
II. It is apparent that the introduction of a certain substituent 
into various A*-3-ketosteroids does not have a uniform influence 
on the Ae values. It has been established for neutral steroids 
(4, 8) as well as for bile acids (15) that the strength of interaction 
with serum albumin approximates an inverse relationship with 
the number of polar groups in the steroid molecule. Introdue- 
tion of electron-repelling groups (alky1) favors the interaction (8). 
There are differences, however, depending on the steric position 
of the substituents in the steroid molecule. This can be clearly 
recognized by determining the Ae values for selected pairs of 
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TaBte II 


Influence of steroid structure on Ae values 


Numbers in parentheses refer to position in Table I (Nos. 37 
to 49) or in Table I of Reference No. 8 (Nos. 1 to 36). 


III 
Influence of steric position of substituents on Ae values 


Numbers in parentheses refer to position in Table I (Nos. 37 
to 49) or in Table I of Reference No. 8 (Nos. 1 to 36). 


Sec interaction with 
tion Steroids compared Steric alteration) Steroids compared 
ae HSA | BLG albumin 
1 Introduc-| Testosterone (29) — 4-methyl- | +2.8) +3.2 1 118-OH — | 11 8-OH-Progesterone (3) — lla- —3.7 
tion of testosterone (37) lla-OH OH-progesterone (2) 
- 4-CH, | 19-Nortestosterone (42) — 4- | +4.6 +1.4 Corticosterone (8) — epicorticos- | —1.3 
methyl-19-nortestosterone (43) terone (9) 
118-OH-17-methyltestosterone —0.8 
2  Introduc-| Testosterone (29) — 6a-methyl- | +0.2) +4.0 (33) Illa-OH-17-methyl- 
tion of testosterone (38) testosterone (32) 
6a-CH; | At-Androstene-3,17-dione (28) —, —3.3, —7.8 2 178-ethyl- | —2.2 
6a-methy]-A*‘-androstene-3, 17- ene gly- (14) — A*-pregnene-triol-178,20, 
dione (44) col side 2l1-one-3 (15) 
l7a-Methyltestosterone (31) | +2.9 +4.5 chain — 
ba, 17a-dimethyltestosterone 17a posi- 
(40) tion 
3 | Introduc- Testosterone (29) — 68-methyl- | —0.5 +1.1 3. | 68-CH; — | 68-Methyltestosterone (39) — 6a- | +0.7 
of testosterone (39) 6a-CH, methyltestosterone (38) 
68-CH, | At-Androstene-3,17-dione (28) —5.5, —8.0 68-Methyl-A‘-androstene-3, 17-di- +2.2 
68-methyl-A‘-androstene-3, 17- one (45) — 6e-methyl-A‘t-andro- 
dione (45) stene-3,17-dione (44) 
l7a-Methyltestosterone (31) — | —0.1) +3.7 68, 17a-Dimethyltestosterone +3.0 
68 , \7a-dimethyltestosterone (41) — 6a,17a-dimethyltestos- 
(41) terone (40) 
4  Introduec-| 19-Nortestosterone (42) — testos-- —0.4 —0.1 
tion of terone (29) PROGESTERONE 
108-CH, 4-Methyl-19-nortestosterone —2.2 +1.7 
(43) — 4-methyltestosterone 
(37) 
Spirolactone 8109 (49) — Spiro- | —2.1 —0.5 
lactone 5235 (48) 
5 Introduc- Testosterone (29) — 17-methyl- | —0.7, —2.0 
| a testosterone (31) Fic. 1. Steric model of a A*-3-ketosteroid (progesterone) 
l7a-CHy 6a-Methyltestosterone (38) — 43.0 —1.5 
pe Ja-dimethyltestosterone rear than at the front side of the steroid molecule. This is shown 
63-Methyltestosterone (39) — | —0.3' +0.6 in Section 1 of Table III for the hydroxy] group at C-11; data 
: for the 17a-hydroxy group have been given previously (8). The 
63, |7a-dimethyltestosterone : 
| (41) example of Section 2 demonstrates that the inversion of the 
| electronegative ethylene glycol side chain from 178 to 17a also 
6  Introdue- Cortisol-2l-acetate (21) — 9a- | —1.5 —0.5 weakens the interaction with serum albumin. 
tion of bromo-cortisol-2l-acetate (47) A greater influence of the rear position was also observed for 
Ya-halo- Cortisol-2l-acetate (21) — 9a- | —2.0 —0.5 the methyl group (Section 3 of Table II). Inversion of the 
gen ; chloro-cortisol-21-acetate (46) 6-CHs group from the 8 to the @ location resulted in a strength- 
Cortisol-21-acetate (21) —+ +2.2 ening of the interaction with human serum albumin. It has 


fluoro-cortisol-2l-acetate (26) 


epimeric At-3-ketosteroids that are identical in every respect ex- 
cept for the steric arrangement at the carbon atom which carries 
the substituent under study. 

The results of these measurements are listed in Table III. It 
is evident from Sections | and 2 that the inversion of electron- 
attracting substituents from the front (8) side of the steroid 
molecule to the rear (a) side results in reduced attachment to 
human serum albumin. The interaction-weakening effect of 
electronegative groups manifests itself to a higher degree at the 


been shown in a previous publication (8) that an a-methyl group 
at C-2 greatly increases the binding of A*-3-ketosteroids to serum 
albumin. 

These results can be best interpreted by the assumption that 
the serum albumin molecule interacts with the rear side of the 
A‘t-3-ketosteroid. The steric arrangement of the @ and 8 sub- 
stituents in the A*-3-ketosteroid may be seen in Fig. 1, which 
shows a model of progesterone. The 8 positions at C-2, C-6, 
and C-11 are all axial; the closer relationship occurs with the 
substituents in the equatorial @ positions. The actual space 


requirements of the various atoms in the progesterone molecule 
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PROGESTERONE. SIDE VIEW 
Fic. 2. Stuart type model 


PROGESTERONE, REAR SIDE 
Fic. 3. Stuart type model 


are represented more clearly in the Stuart type models shown in 
Figs. 2 and 3. It seems likely that the two axial methyl groups 
C-18 and C-19 shield the front (upper) side of the steroid molecule 
from close interaction with approaching molecules. This is evi- 
dent in the side view (Fig. 2), which shows the whole steroid 
molecule as possessing a convex, “turtle-like”’ shape, with the 
upper side forming a curved “surface.’”’ The substituents at 
the rear or lower side (Fig. 3) appear to be less hindered and thus 
more apt to interact. The “rear attack” of the steroid molecule, 
predominant in chemical reactions, may have a similar basis. 
This concept gains in validity when one considers the nature 
of the binding forces between steroid and protein. For lack of 
specific knowledge as to these forces, the binding between neutral 
steroids and proteins may best be interpreted as mediated by 
hydrogen bonds and van der Waals forces. Common to both 
of these binding mechanisms is the low energy of the bond, of 
the order of 5 to 10 keal per mole, which explains the ready dis- 
sociation of the complexes. Furthermore, they are highly de- 
pendent upon the distance; the van der Waals forces for spherical 
atoms are inversely proportional to the seventh power of the 
distance between the atomic centers. For efficient interaction, 
therefore, a close fit of the steroid and protein surfaces would be 
required. It can be seen in Fig. 2 that the a substituents (Fig. 


3) form essentially one plane which also includes the oxygen 
function at C-3. The geometry of the rear side of the steroid 
molecule thus appears to be better suited for a close approach of 
the protein than the curved front side. 

It is of interest that Talalay et al. (16, 17) arrived at very simi- 
lar conclusions in their studies on structural specificity of steroid- 
enzyme complexes. They found that introduction of hydroxy] 
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groups into the testosterone molecule resulted in a decreased 
affinity between steroid and 8-hydroxysteroid dehydrogenase. 
This effect was somewhat greater for the lla-hydroxyl than for 
the 118-hydroxyl groups (cf. Marcus and Talalay (16) Table I) 
thus resembling the differential influence of an lla- and an 118- 
hydroxyl group on the interaction of progesterone with human 
serum albumin. Talalay et al. consider it likely that the oxidiz- 
ing enzymes attach to the rear side of the steroid molecule rather 
than to the front. Munck, Scott and Engel (18, 19) compared 
the equilibrium constants of complexes between a@- and 8-hy- 
droxy epimers of 11-hydroxyprogesterone or testosterone and 
adenosine and demonstrated a greater interference of the sub- 
stituent at the @ position. They concluded that the binding 
involves the rear side of the steroid molecule. In studies on the 
corticosteroid-binding protein of human plasma, Daughaday (20) 
observed a lower complexing affinity for epi-(1la-hydroxy) cor- 
tisol than for cortisol (118-hydroxy). This behavior of the two 
epimers resembles that towards human serum albumin, although 
the corticosteroid-binding protein is different from albumin in 
certain other aspects of steroid interaction (20-25). 

As apparent from Figs. 1 to 3, the substituent in the 9a posi- 
tion has axial conformation and points straight out of the rear 
surface of the steroid molecule. According to the above con- 
cept, electronegative substituents in this position should weaken 
the interaction with human serum albumin. This is the case as 
Table II shows; the influence on the Ae values has indeed been 
found to be proportional to the electron-attracting capacity of 
the halogens, increasing from Br (—1.5), to Cl (—2.0), to F 
(—2.6). Since the 9a-halogen group occupies a fairly central 
location on the rear side of the steroid molecule (Fig. 3), the 
influence on the interaction with human serum albumin can be 
interpreted best if one assumes an attachment at the rear side 
of the steroid. 

It becomes apparent from these considerations that the rear 
surface of the steroid molecule plays an important role in inter- 
actions with protein structures. The @ substituents forming the 
rear side plane (see Fig. 3) seem to act as points of contact with 
the surface of the protein. It is also apparent from Figs. 2 and 
3 that the oxygen located at C-3 is included in this planar ar- 
rangement. The great influence on physiological activity of 
certain substituents at these “contact points,” e.g. at 17a@ or 9a, 
seems to bear out the applicability of this concept. 


SUMMARY 


Sedimentation and viscosity measurements indicate that not 
more than one albumin molecule interacts with one molecule of 
A‘-3-ketosteroid (progesterone). The results of a comparison of 
the influence on protein interaction of a and 8 substituents in 
the steroid molecule can be best interpreted by assuming an 
attachment of the protein to the rear side of the steroid ring 
system. 
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In the degradation of cholesterol to bile acids in the liver the 
A®-double bond is reduced with the formation of a saturated 
compound of the normal series (58-hydrogen). The other 
changes in the steroid nucleus consist of inversion of the hy- 
droxyl group at C-3 from 8- to a-position, the introduction of a 
hydroxyl at C-7 and, in the cholic acid formation also at C-12. 
Studies of the metabolism of hypothetical intermediates (38- 
hydroxy-A*-cholenic acid and 3a,7a@,12a-trihydroxycoprostane) 
of the cholesterol degradation in bile fistula rats suggest that the 
above mentioned reactions in the nucleus precede the degrada- 
tion of the side-chain (1-3). Furthermore, compounds as epi- 
cholesterol, cholestanol, coprostanol, 3a-coprostanol, A*-choles- 
tenone, and A*-cholestenone do not give rise to the naturally 
occurring bile acids in the rat (1,4). This fact indicates that the 
hydroxylations at C-7 or C-12 precede the inversion of the 38- 
hydroxy] or the saturation of the double bond or both of them. 
The theory that the introduction of the hydroxy! at C-7 is one 
of the initial reactions was further strengthened by the findings 
that 3a,7a-dihydroxycoprostane (5) as well as 7a-hydroxycho- 
lesterol (6) are degraded in the rat to cholic and chenodeoxycholic 
acids. 

The aim of the present investigation was to study the stereo- 
chemical course of the introduction of the hydrogen atom at C-6 
of cholesterol in bile acid formation. This was made possible 
by the use of double-labeling experiments with cholesterol la- 
beled at C-6 with tritium and cholesterol-4-C“%. The tritium 
label at C-6 in cholesterol was introduced by the method de- 
scribed in the paragraph below. The method for the analysis 
of the steric position of the tritium labeling at the saturated 
carbon atom is based on recent studies of the stereochemistry of 
hydroxylations of steroids with tritium- or deuterium-labeled 
compounds (7-10). These experiments demonstrated that the 
hydroxy] is introduced by displacement of the hydrogen atom in 
the position which is hydroxylated and with retention of the 
other hydrogen in the original position. Specific hydroxylations 
of chenodeoxycholic acid have recently been reported, i.e. 68- 
hydroxylation in the rat (11, 12) and 6a-hydroxylation in the 


pig (13). 
EXPERIMENTAL PROCEDURE 


Cholesterol and Bile Acid Samples 


Cholesterol-6-H*—This was prepared by the following reaction 
sequence. Reduction of 38-acetoxycholestan-6-one with tritium- 
labeled sodium borohydride to 38-acetoxycholestan-68-ol-6a-H?. 
Dehydration of the 68-ol to cholesteryl acetate-6-H? with phos- 


phorus oxychloride and deacetylation of the acetate to choles- 
terol-6-H’ with lithium aluminum hydride. 

38-Acetorycholestan-6-one (1)—6-Nitrocholesteryl acetate, 
m.p., 102—103° (lit. (14) m.p., 101—102°), prepared according to 
Mauthner and Suida (14) as modified by Dodson et al. (15), was 
treated with Zn dust in aqueous acetic acid (14). 38-Acetoxy- 
cholestan-6-one, m.p., 127—128° (lit. (14) m.p., 127-128°), was 
obtained in 75% yield. 

38-Acetory-cholestan-68-ol-G6a-H® (I11)—A solution of 300 mg 
of Compound I in 10 ml of diglyme (diethyleneglycol dimethyl 
ether (Fluka A.G.), refluxed over calcium hydride and distilled 
from lithium aluminum hydride) was treated with 150 mg of 
tritium-labeled sodium borohydride (see below) in 10 ml of 
diglyme. After 24 hours at room temperature the reaction mix- 
ture was acidified with acetic acid, diluted with water, and ex- 
tracted with ether. The ether layer was washed with water, 5% 
sodium bicarbonate, and water and dried over sodium sulfate. 
Evaporation under reduced pressure and crystallization from 
aqueous methanol yielded 237 mg of II, m.p., 158-159° (78% 
yield). Specific activity: 21.0 we per umole. 

38-Acetoxy-cholestan-638-ol has been prepared previously 
through catalytic reduction of the 6-ketone (reported m.p., 141- 
142° (16), 155-156° (17), 159-159.5°)' and through reduction 
with sodium borohydride in methanol! (m.p., 159-159.5°). 

The tritium-labeled sodium borohydride was prepared by an 
exchange reaction (18) of 500 mg of the hydride with 2 curie of 
tritium gas (0.8 ml at NTP, purchased from Isotope Division, 
A.E.R.E., Harwell, England). The exchange was carried out at 
200° for 2 hours in a Pyrex tube of 10 ml capacity, lined with 
nickel foil. 

Cholesteryl Acetate-6-H® (111).—Dehydration of with phos- 
phorus oxychloride was carried out essentially as described by 
Reich and Lardon (19). A solution of 200 mg of II in 2.5 ml 
of dry pyridine was treated with 1 ml of phosphorus oxychloride. 
After 24 hours at room temperature the reaction mixture was 
transferred to a mixture of ice, 4% hydrochloric acid, and ether. 
The ether solution was washed with water, 5% sodium bicar- 
bonate, and water. The product was crystallized from aqueous 
ethanol and methanol-ether. Yield, 137 mg of III, m.p., 113.5- 
114° (71%). Specific activity: 21.0 we per umole. 

Cholesterol-6-H® (I1V)—A solution of 110 mg of IIT in 10 ml of 
dry ether was added to 70 mg of lithium aluminum hydride in 
15 ml of ether. The solution was stirred for 14 hour at room 
temperature. Ethylacetate was added and the ether solution 


1k. J. Corey, personal communication. 


2852 


$ 


November 1959 


was washed with 4% hydrochloric acid, water, 5% sodium bi- 
carbonate, and water. After evaporation under reduced pres- 
sure the residue was crystallized from aqueous ethanol and 
methanol-ethyl acetate. Yield, 88 mg of IV, m.p., 147-148° 
(89%). Specific activity: 20.7 we per umole. There was no 
depression of the melting point on admixture with authentic 
cholesterol. The putity of IV was also checked by reversed 
phase partition chromatography with solvent system I (20) (see 
above). Only one well defined peak of radioactivity was ob- 
tained, coinciding with the unlabeled cholesterol added as 
carrier. 

Cholesterol-4-C™ was purchased from The Radiochemical Cen- 
tre, Amersham, England. 

Hyocholic Acid was isolated from hydrolyzed pig bile by chro- 
matography with phase system C. It was crystallized from 
aqueous acetic acid and aqueous acetone (m.p., 186-187°; Lit. 
(21) m.p., 188-189°). 

Acid II (3a ,68 ,7a-Trihydrorycholanic Acid) and Acid I (3a,- 
63 ,73-Trihydrorycholanic Acid) were synthesized according to 
the methods of Doisy et al. (11, 12). 

Administration of Labeled Compounds—Cholesterol-6-H? (1 mg, 
53 we per mg) and cholesterol-4-C™ (0.6 mg, 50 wC per mg) were 
mixed and an aliquot was diluted with inactive material for de- 
termination of H? and C“. The cholesterol mixture was brought 
into an aqueous colloidal solution with 2 ml of 0.9% aqueous 
sxdium chloride containing 0.06 mg of sodium palmitate per ml. 
The solution was injected intraperitoneally into two rats with 
bile fistulas. White male rats (200 to 250 g) of the Sprague- 
Dawley strain were used. Cannulation of the bile duct was per- 
formed as described earlier (22) and the bile was collected in 
ethanol. Chenodeoxycholic acid, isolated from the rat bile, was 
injected intraperitoneally as the sodium salt in 0.9% sodium 
chloride. 

Cholesterol-6-H? (9.2 mg) and 4-C™ (3.2 mg) were administered 
as described above to two pigs with bile fistulas. These were 
prepared 24 hours before the administration by the technique 
described earlier (13). 

Fractionation of Bile—The bile acid samples were filtered and 
evaporated after determination of the radioactivity. Hydrolysis 
was carried out with 1.5 ~ sodium hydroxide in a closed steel tube 
for 6 hours at 120°. The mixture was extracted with ether after 
dilution with water and acidification with hydrochloric acid. 

Chromatographic Methods—Reversed phase partition chroma- 
tography of bile acids was performed as deseribed by Bergstrém 
et al. (23, 24) and of cholesterol according to Danielsson (20). 
The following solvent systems were used. 

System Moving phase mi Stationary phase ml 
C Methanol-water 150:150 Chloroform-isooctanol 15:15 


F Methanol-water 165:135 Chloroform-heptane 45:5 
I Isopropanol-water 165:135 Chloroform-heptane 10:40 


Hydrophobic Super-Cel (Johns Manville) or Hostalene (Farb- 
werke Hoechst, G.m.b.H., West-Germany) was used as support- 
ing material. Hostalene was first extracted with 95% ethanol 
for 48 hours and dried at 75°. Three or 4 ml of the stationary 
phase were used per 4.5 g of Hostalene or Super-Cel, respectively. 
All the chromatograms were run at a constant temperature of 
+23°. 

Radioactivity Assay—H' was determined in an infinitely thin 
laver with a flow counter (Frieseke-Hoepfner FH 51) and C™ 
with a Tracerlab end window counter (TGC-2 GM tube). Suit- 
able aliquots of the titrated fractions obtained by chromato- 
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graphic separation of the doubly labeled bile acids were plated 
on aluminum planchets and counted in the end window counter, 
in which only the C™ activity was recorded. 

For the determination of the tritium retention the H* and C™ 
activity in the administered cholesterol and isolated bile acids 
were determined by gas phase counting of CO, and butane. 
These compounds were obtained by combustion of a 10 mg sam- 
ple to CO, and water and conversion of the latter to butane (25). 
Each sample was combusted and counted in duplicate. 


RESULTS 


Administration of Cholesterol-6-H*-4-C™ to Rats—The doubly 
labeled cholesterol was injected intraperitoneally into bile fistula 
rats and the bile collected. Of the administered C™ activity 15 
to 20% appeared in the bile in the first two days. The hy- 
drolyzed bile was chromatographed with phase system F, where 
cholic acid and other more polar bile acids separate from cheno- 
deoxycholie acid. The latter acid comprised about 15% of the 
total activity in the bile acids. Cholie acid was isolated by 
chromatography with phase system C, where it separates from 
the metabolites of chenodeoxycholie acid, which were found in 
very small amounts. 

The H? and C™ content of the administered cholesterol and in 
the isolated chenodeoxycholic and cholic acids was determined 
by the gas phase counting procedure. From the results, given 
in Table I, it is clear that the ratio between H® and C™ is not af- 
fected by the transformation of the doubly labeled cholesterol 
into chenodeoxycholic and cholic acids. 

Admimstration of Chenodeoxycholic Acid to Rats—Doubly la- 
beled chenodeoxycholic acid, isolated in the experiments where 
cholesterol-6-H?-4-C™ had been administered, was injected intra- 
peritoneally into two bile fistula rats. The bile excreted during 
the following 12 hours was hydrolyzed and chromatographed 
with phase system C. From previous studies it is known that 
chenodeoxycholie acid is 68-hydroxylated in the rat liver to Acid 
Il (3a ,68 ,7a-trihvdroxycholanic acid) and Acid (3a,68,78- 
trihydroxycholanic acid) (11, 12). Acid I is formed from Acid 
Il by inversion of the hydroxyl group at C-7 (26). The intro- 
duction of the 63-hydroxyl in chenodeoxycholic acid as well as 
this inversion did not change the ratio between H*® and (™ 
(Table 1). 

Administration of Cholesterol-6-H?-4-C™ to Pigs—Two bile 
fistula pigs were given intraperitoneal injections of cholesterol- 
6-H?-4-C™ and the bile collected in 10- to 24-hour periods. About 
50% of the administered C™ activity was excreted within 5 days 
after the administration. 

An aliquot of the bile, excreted during the second day (21 to 
44 hours after the injection) was hydrolyzed and chromato- 
graphed with solvent system C (Fig. 1). Two radioactive peaks 
coinciding with the titration peaks were eluted. No labeled bile 
acids remained in the stationary phase. The first peak appears 
at the location of hyocholic acid and the second one at the place 
of chenodeoxycholic acid. The second peak was further chro- 
matographed with solvent system F and no hyodeoxycholic 
acid was found. The proportion between hyocholic and cheno- 
deoxycholie acid varied considerably in the two pigs (cf. Fig. 1). 
Hyocholic acid was crystallized from aqueous acetone and eth- 
ylacetate, m.p., 186-187° (lit. (21) m.p., 188-189°) and cheno- 
deoxycholic acid from ethylacetate-light petroleum, m.p., 140- 
141° (lit. (27) m.p., 140-142°). The isolated acids were further 
identified by isotope dilution and the H* and C™ content deter- 
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Taste I 
H® and C'* content of administered cholesterol -6-H*-4-C* and bile acids isolated from rat bile 


Compound mean cu C™ mean c™ 
Administered cholesterol -6-H*-4-C'* | 258 205 | 
| 254 256 206 206 1.24 
Cholie acid Rat I 204 163 | 
210 207 | 165 164 1.26 102 
Cholie acid Rat II 320 270 | 
| 324 322 266 268 1D | O7 
Chenodeoxycholic acid Rat I | 248 | 205 
258 253 | 208 207 1.22 Os 
Chenodeoxycholic acid Rat II 175 138 
| 168 172 136 137 | 1.26 102 
Acid I (3a,68,78-trihydroxycholanic acid) Rat III | 394 | 308 
| 380 387 | 304 306 1.27 102 
j | | 
Acid I (3a,68,78-trihydroxycholanic acid) Rat IV 475 | 368 | 
| 46S 472 376 372 102 
Acid II (3a,68,7a-trihydroxycholanie acid) Rat III | 285 248 
| 296 291 238 243 1.20 o7 
Acid II (3a,68,7a-trihydroxycholanic acid) Rat IV 190 146 
Is] 186 153 1 1.24 100 


renders these analyses impossible. Studies of the infrared ab- 
sorption due to C-D-stretching vibrations for determination of 
the configuration of deuterium atoms was introduced by Corey 
et al. (29). However, this method usually can not be applied to 
studies of biochemical reactions in rivo, where it is impossible to 
avoid extensive dilution of the compounds. Vennesland et al. 


mined by the gas phase counting technique. Chenodeoxycholic 
acid had the same ratio between H* and C™ as the adminis- 
tered cholesterol, whereas the 6a-hydroxylated compound, hyo- 
cholic acid, contained only about 1% of the original H*-labeling 
(Table II). 


DISCUSSION 


It seems fully established that the method used for the intro- 
duction of the tritium label at C-6 is specific. Any exchange of 
the hydrogen atoms jn the positions a to the reduced carbony! 
group can be excluded by the following findings. There was no 
decrease of the tritium content in the removal of the hydrogen 
atom at C-5 when 36-acetoxy-cholestan-68-ol-6a-H'’ was dehy- 
drated to cholesterylacetate-6-H*. Furthermore, introduction 


(30) have made use of the stereospecificity of the hydrogen trans- 
fer in pyridine nucleotide dehydrogenase reactions for analysis of 
the steric position of hydrogen isotopes. For problems of this 
type, however, this procedure has hitherto been limited to lo- 


Taare Il 
H?* and C'* content of administered cholesterol-6-H*-4-C™ and bile 
acids isolated from pig bile 


of a 7a-hydroxyl and inversion of this hydroxyl group to 78-po- Compound i= | | 
sition (Acid I), which is accompanied by loss of the 78-hydrogen | — | | —__-'-———- 
(26), did not change the tritium content of the corresponding “— — | ev | — | v4 
compounds. Finally, the tritium label was completely lost in Administered chole- 209 as | | 
the 6a-hydroxylution of chenodeoxycholic acid. sterol-6-H?4-C“" 214 212 % 6 2.2 
Determination of the steric position of hydrogen isotopes at an | | 
asymmetric center is of great interest in the elucidation of chemi- Chenodeoxycholic acid 952 423 | 
cal and enzymatic mechanisms. The original method for these Pig I | 905 929 438) 431 | 2.16, & 
determinations was based on the changes in optical rotation ok | | | ) 
which occur when one of the protium atoms (in compounds of the Chenodeoxycholic acid — 430 — 188 
R, Pig Il 417 | 424 193 | 191 | 2.22 | 101 
Hyocholic acid Pig I 41 «1430 
type CH,) is substituted by a deuterium atom (28). The 36 39 | 1460 | 1445 | 0.03) 1 
Hyocholic acid Pig Il 40 1260 | 
differences in the optical rotation of the enantiomorphs are often 22 | 31 | 1290 | 12010.03! 1 


very small and the occurrence of other asymmetric centers usually 
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calize hydrogen atoms (and isotopes) bound to the carbon atom 
of the hydroxy! group in a primary alcohol. 

In the present investigation the steric position of the tritium 
label has been determined by specific hydroxylations in vivo of a 
doubly labeled compound. The method is based on results ob- 
tained in recent studies of the stereochemistry of hydroxylations 

with steroids stereospecifically labeled with tritium or deuterium. 
} It was then found that 7a-hydroxylation of cholesterol in rat 
liver (9), lla-hydroxylation of pregnane-3,20-dione by Rhizo- 
om pus nigricans (7,8), 113-hvdroxylation of progesterone by bovine 
adrenal glands (7), and 128-hydroxylation by Calonectria decora 
(10) occur through a similar enzymatic mechanism, i.e. by re- 
{ placement of the hydrogen in the position which is hydroxylated 
HO ae "Pons and retention of the alternate position. 
8 tT W In this investigation it was found that the tritium label in the 
saturated compounds (chenodeoxycholie and cholic acids) formed 


from cholesterol-6-H*-4-C™ had the same ratio to C™ as in the 


administered cholesterol. It was further demonstrated that the 
tritium label was completely retained in the 68-hydroxylation of 
chenodeoxycholie acid in the rat liver, whereas 99% of the trit- 
ium activity was lost on 6a-hydroxylation in the pig liver. On 
f " oN the basis of these investigations on the stereochemistry of hy- 
| HO OU r on droxylations it can be assumed with all probability that the trit- 
" Fie. 2 ium in the saturated compounds is located in the 6a-position 


2856 


and that the newly introduced hydrogen atom is #-oriented. 
The reduction of the A*-double bond thus occurs through a 
stereospecific reaction, in which the newly introduced hydrogen 
atoms both at C-5 and C-6 are 8-oriented (Fig. 2). As mentioned 
in the introduction, however, it is not known if the double bond 
is reduced in situ or if an isomerization to the A*-unsaturated 
compound occurs before the reduction. Enzymes carrying out 
this reaction have been isolated and recently separated from the 
hydroxysteroid dehydrogenase (31). Studies of the mechanism 
of the isomerization indicated that it occurs through an intra- 
molecular transfer of hydrogen from C-4 to C-6. 

Evidence for the stereospecificity of double bond-reducing en- 
zymes has previously been obtained by the demonstration that 
reduction of 11-deoxycortisol to the A:B cis and A:B trans 
derivatives is carried out by different fractions of rat liver homog- 
enates (32). The enzymatic details of the double bond reduc- 
tions of steroids are not known, but recent studies in this field 
as well as known analogous reactions suggest that the enzymes 
are of flavoprotein nature (31). 


SUMMARY 


1. The synthesis of cholesterol-6-H*-4-C™ is described. 

2. Cholesterol-6-H*® together with cholesterol-4-C™ was ad- 
ministered to bile fistula rats and chenodeoxycholic acid isolated 
with the H*:C ratio unchanged. With the aid of enzymatic 
6a- and 66-hydroxylations it was found that the 6-H*-label was 
in the 6a-position, i.e. the reduction of the cholesterol double 
bond takes place by a stereospecific reaction in which the new 
hydrogen atoms at C-5 and C-6 are brought into 8-position. 
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The conversion of prothrombin to thrombin constitutes a 
major step in blood coagulation. Aside from its important he- 
mostatic function, the reaction has broad biological significance 
since it is one of the few examples of protein-protein and protein- 
jon interaction with profound physiological as well as patho- 
logical effects. As an archetype of such reactions, clearer de- 
lineation of the nature of prothrombin, and of the conditions, 
kinetics, and alterations which occur during thrombin elabora- 
tion would be most valuable. 

Much of this area remains obscure, largely because of diffi- 
culties in obtaining adequate materials for study. Despite 
notable advances in purifying prothrombin, leading to numerous 
conclusions regarding its composition and activation (1-5), con- 
siderable question remains concerning ultimate purity (1, 6). 
Very recently nonprothrombin entities have been identified and 
removed from prothrombin fractions formerly considered to be 
highly purified (7). 

For some years we have been engaged in purifying human and 
bovine prothrombin. This paper is intended to report our ex- 
periences, and to provide information bearing directly on the 
question of purity, and the requirements necessary for thrombin 
formation. Some of the prothrombin preparations were devoid 
of most, if not all, of the other known coagulation factors. Other 
fractions were prepared intentionally contaminated with Factor 
VII and probably other clotting constituents. 


EXPERIMENTAL PROCEDURE 


Materials 


Thromboplastin—Human and bovine brain thromboplastin 
were prepared by acetone dehydration, and subsequent 0.9% 
sodium chloride extraction of the dried powder (8). Thrombo- 
plastin from bovine lung was prepared according to the method 
of Ware and Seegers (9). Human material was used through- 
out except where otherwise noted. 

Accelerator Globulin-deficient Plasma—Pooled normal human 
oxalated plasma (1 volume of 0.10 m sodium oxalate to 9 vol- 
umes of blood) was subdivided into aliquots of 5 ml, and kept 
at 37° for 24 to 36 hours, then at 0-5° for another 24 hours, and 
then at —20°. Its one-stage prothrombin time was 65 to SO 
seconds, and its prothrombin and fibrinogen concentrations were 
normal. Routine bacterial cultures were negative. As an ulti- 


* Supported in part by a research grant, H-656, from the Na- 
tional Heart Institute, National Institutes of Health, United 
States Public Health Service, and in part by the Medical Research 
and Development Board, Office of the Surgeon General, Depart- 
ment of the Army, under Contract No. DA-49-007-Md-171. 

Part of this work has been presented to the Federation of Amer- 
ican Societies for Experimental Biology (1). 
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mate check, fresh plasma from patients with congenital severe 
Ac-G! deficiency (10) was used occasionally. 

Factor VII (Proconvertin)-deficient Plasma—Bovine oxalated 
plasma was filtered through a 20% asbestos Seitz pad according 
to the method of Owren and Aas (11, 12). Only that portion of 
filtrate was used which had a prothrombin time exceeding 180 
seconds? and which contained at least 60% of the original pro- 
thrombin (as determined by the two-stage method (9), modified 
to include the addition of Factor VII supplements). 

Ac-G—Fresh bovine blood was allowed to clot spontaneously, 
and was kept at room temperature for 4 to 6 hours. The serum 
was separated and adsorbed with 100 mg of BaSO, (Baker, c.p. 
or reagent grade) per ml to remove the last traces of prothrom- 
bin, all of the Factor VII, and other adsorbable coagulation 
factors. Although up to 50% of the Ac-G may be removed 
concomitantly, sufficient remains, because of its high concen- 
tration in bovine serum, so that ample amounts are assured 
when incorporated in test systems. 

Factor VII—In most experiments specially prepared oxalated 
human serum was used to provide Factor VII. Freshly drawn 
blood was mixed with human thromboplastin (33 volumes of 
blood to 1 volume of thromboplastin extract). After 2 to 4 
hours at room temperature, the serum was separated and oxa- 
lated (1 volume of oxalate to 4 of serum). Such preparations 
contain 80 to 120% of the Factor VII activity of plasma, and 
at most only traces of prothombin and Ac-G. 

In other experiments, purified Factor VII preparations were 
used, obtained from human or bovine serum by a method al- 
ready described (13). 

VBIS; pH 7.4—This was prepared from 0.1 m sodium diethyl- 
barbiturate, 200 ml; 0.1 a HCl, 144 ml; 0.9% NaCl, 656 ml. 

VBOS; pH 74—0.1 M oxalate (sodium or potassium), 150 
ml; VBIS, 850 ml. 


Analytical Methods 


Prothrombin: Two-stage Procedure—The Ware and Seegers 
method (9) was used with slight modification. Human brain 


'The abbreviations used are: VBIS, Veronal-buffered 0.85% 
sodium chloride; VBOS, Veronal-buffered oxalated sodium chlo- 
ride; ACD, acid-citrate-dextrose. Prothrombin is defined as that 
component of plasma which yields thrombin under customary bio- 
logical conditions employing thromboplastin, Ca**, accelerator 
globulin (Ac-G), and other nonprothrombin factors in plasma or 
serum. Its assay is predicated upon its complete conversion to 
thrombin, unrelated to the velocity of thrombin elaboration. 
Thrombin is measured by its clotting of a standard fibrinogen solu- 
tion (see section on ‘‘Experimental Procedure’’). 

* The prothrombin time of unfiltered bovine plasma determined 
with human brain thromboplastin, is 19 to 26 seconds. 
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TABLe I 
Effect of Seitz filtration on bovine plasma 
3 
42 | | 33 
sec. % % % 
Unfiltered plasma 22 | 100 355 360 
Filtered sample No.t 
1 600 60 5 |<0.5 0 0 
2 200 | 105 50 1<0.5 0 | 140 
3 127 | 120 90 0.5 0 | 350 
4 94 | 105 | 105 | 0.5 32 | 355 
5 62 | 100 | 120 | 2 72 | 450 
6 57 | 105 | 113 3 85 | 435 
7 49 86 110 3 125 | 410 
Ss 44 | 100 | 105 | 5 130 | 375 
i) 31 | 120 | 110 5 240 | 395 
10 28 | 100 | 105 | ll 295 | 400 


* Factors VII added both as purified material and as serum. 
t The volumes of samples 2 and 3 were 20 ml; for the other 
samples, 10 ml. 


or bovine lung thromboplastin® was used, as specified. The re- 
action mixtures were adjusted to pH 7.4 with Veronal buffer* 
in the following proportions: 12.5 ml of 15% gum acacia solu- 
tion, 4.5 ml of VBIS, and 3.0 ml of thromboplastin extract. 
BaSQO, (instead of BaCO;) adsorbed bovine serum (see above) 
was used to provide Ac-G, and human or bovine serum’ or puri- 
fied fractions thereof provided Factor VII. The last named 
were added in such amounts that the Factor VII activity (see 
below for assay method) in the final reaction mixture was equiva- 
lent to that of a 1:200 to 1:500 dilution of normal plasma. The 
standard fibrinogen solution consisted of a 1.0% solution of 
bovine Fraction I (Armour and Company) in VBIS. 

During this study normal oxalated human plasma exhibited 
325 to 375 units per ml; of bovine plasma, 300 to 350 units.‘ 
Citing such standards of reference permits valid comparison of 
the specific activities of purified prothrombin fractions obtained 
in different laboratories with similar assay procedures. 

Prothrombin: One-stage Procedure—A modification of the 
Owren one-stage technique was used (11). A prothrombin-free 
reagent was prepared from equal parts of BaSO,-adsorbed bovine 
plasma (as a source of Ac-G and fibrinogen) and oxalated human 
serum (as a source of Factor VII). Test materials (0.1 ml), ap- 
propriately diluted in VBOS, were added to 0.1 ml of the reagent. 
The clotting time of the mixture was determined at 37° after 
the addition of 0.2 ml of a thromboplastin-calcium mixture 


3 Extensive observations, to be described later, indicate the im- 
portance of species specificity in prothrombin conversion. This 
phenomenon apparently operates via the thromboplastin-Factor 
VII interaction. 

* As time has elapsed, this range of values has changed some- 
what, due to obscure differences in the fibrinogen utilized as sub- 
strate. Occasional batches of Fraction I do not dissolve readily, 
or when they do, they give longer clotting times than others with 
the same sample of activated prothrombin. Repeated attempts 
to purify the fibrinogen have generally failed. In some instances, 
solution of the fibrinogen in distilled water instead of saline gave 
shorter clotting times, and accordingly this procedure was used. 
Veronal buffer was later found unnecessary. 
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(equal parts of human brain extract and 0.04 « CaCl, solution), 
The prothrombin activity, expressed as the percentage of that 
in normal plasma, was derived by interpolation on a standardiza. 
tion curve derived from the clotting time similarly obtained with 
varying dilutions of pooled normal plasma in VBOS, added to 
the reagent. The clotting time of a 1:10 dilution in VBOS of 
the pooled normal plasma was taken as representing 100% ae- 
tivity. 

Factor VII Activity—A modification of the Owren technique 
was employed (8, 11). The activity was assayed by the cor- 
rective effect of the respective materials upon the elevated pro- 
thrombin time of bovine oxalated plasma rendered Factor VII- 
deficient by prior Seitz filtration. It contained at least 60% 
of the prothrombin activity, 100% of the Ac-G and fibrinogen 
of the unfiltered plasma. Results, expressed as percentage of 
the activity of normal plasma or serum, were derived by inter- 
polation from a standardization curve made from the corrective 
effects of varying dilutions in VBOS of normal plasma or serum, 
beginning with a dilution of 1:10 as representing 100%, upon 
the prothrombin time of the Factor VII-deficient reagent. Hu- 
man brain thromboplastin was used throughout. 

Ac-G Activity—Ac-G was determined by its correction of the 
retarded prothrombin conversion (elevated prothrombin time) 
of plasma in which the Ac-G was destroyed (15). The older 
method was slightly modified by assuring optimal Factor VII 
in the test system by the addition (1:1) of normal human serum 
or Factor VII-rich fractions thereof. A standardization curve 
was derived from the clot accelerating effect of varying dilutions 
(1:10 again representing 100% activity) of fresh pooled normal 
plasma on this reagent. The Ac-G activity in test materials, 
assayed in the same manner, is expressed as the percentage of 
that in normal plasma (considered 100%) by interpolation of the 
observed prothrombin times on this curve. 


RESULTS 


Effect of Seitz Filtration on Bovine Plasma—That Seitz filtra- 
tion of plasma induces an elevated prothrombin time has long 
been known (16). More recently Owren (12) and Koller et al. 
(17) showed that Factor VII activity is substantially removed. 
These observations provided the point of departure for our 
studies, and accordingly our experiments with Seitz filtration 
are described in detail. 

The observed alterations depend upon the filtration rate and 
volume of plasma filtered. When 120 ml of plasma were filtered 
through a 6-cm pad at 45 to 60 drops per minute (Table J, 
the first 10 ml of filtrate had a prothrombin time of 600 seconds, 
contrasted with 22 for the original plasma. The prothrombin 
time of successive portions progressively approached that of the 
nonfiltered material, and was 28 seconds for sample 10. The 
prothrombin time of subsequent aliquots (not shown) continued 
to decrease until it reached levels slightly shorter than normal. 

Studies were performed to elucidate the nature of the altera- 
tions (Table I). Although some deposition of what appeared to 


5 It is now recognized that the Owren procedure fails to distin- 
guish between Factor VII and “Stuart Factor’’ (14). Accord- 


ingly, wherever Factor VII assays are alluded to in this paper, 
this nonspecificity must be borne in mind since the assay may re- 
flect either or both factors. 

¢ For reasons which remain obscure, we have found only 20% 
asbestos pads obtained from Carlson Ltd., London, satisfactory. 
Others, despite the same asbestos content, gave inconsistent re- 
sults. 
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be fibrin frequently occurred, the fibrinogen concentration was 
essentially unchanged. Antithrombin was also unaltered. Al- 
though the Ac-G of the first 10 ml was 60% of the nonfiltered 
plasma, the subsequent specimens revealed normal, or slightly 
increased values. 

The retarded prothrombin conversion of the first filtrates could 
be corrected by the admixture of human or bovine plasma, or 
vrum, or of purified serum fractions rich in Factor VII and 
devoid of prothrombin and Ac-G. BasSO, adsorption of serum 
or plasma eliminated their corrective effects. These findings 
indicate that the defect in the Seitz-filtered plasma was not due 
to removal of prothrombin or Ac-G, or to the appearance of an 
anticoagulant, but to removal of other coagulation factor(s) 
normally present in plasma and serum, and adsorbable by BaSO,. 

There was little correlation between the prothrombin content 
and the prothrombin (clotting) times of the filtered aliquots. 
Although the first with a prothrombin time of 600 seconds was 
relatively devoid of prothrombin, the second portion had 50% 
of the original prothrombin (as determined by the Owren or two- 
stage technique) and had a prothrombin time of 200 seconds? 
Subsequent samples had about the same prothrombin as the 
unfiltered plasma, but nevertheless exhibited markedly elevated 
prothrombin times. 

The reason for this becomes clear when one considers the 
Factor VII activities. In all but the first two portions the pro- 
thrombin time correlates better with Factor VII than with the 
prothrombin: the lower the Factor VII concentration, the higher 
the prothrombin time. Below 2 to 3% of normal, prothrombin 
conversion becomes markedly compromised. The prothrombin 
time of the last portion (No. 10), with 11% of the original Factor 
VIL activity, was only moderately elevated. In other experi- 
ments, not recorded, the prothrombin time was normal only 
when Factor VII exceeded 40 to 50% of normal, provided the 
prothrombin also was normal. 

Two-stage prothrombin assays, determined with or without 
added Ac-G, indicate that both the velocity of prothrombin 
conversion and the final thrombin yield were more closely re- 
lated to Factor VII activity than to the actual prothrombin 
concentration (Table I, Fig. 1). In those portions containing 
substantial prothrombin but little or no Factor VII, thrombin 
evolved extremely slowly and yield was poor despite the presence 
of optimal amounts of thromboplastin, calcium, and Ac-G. 
With progressive increase in Factor VII, thrombin evolved more 
rapidly and attained higher values; yet even when Factor VII 
activity was 11% of the original plasma both the rate and yield 
were still decreased. In other experiments it was found that 
when the Factor VII was 15 to 20% of normal, a full yield of 
thrombin was obtained but its rate of formation was still slightly 
retarded. Normal velocity and yield are obtained by supple- 
menting the filtered plasma with Factor VII-rich serum, or with 
partially purified Faetor VII preparations, both devoid of pro- 
thrombin. Thus, filtrate 5 (Table I, Fig. 1) with 2% Factor VII 
was admixed with an equal volume of prothrombin-free bovine 
serum, and the combination, adequately diluted, was then as- 
saved by the two-stage prothrombin method. The velocity of 
thrombin evolution and thrombin yield were essentially the same 


* Although the difference between these prothrombin times ap- 
pears profound, even if it were referable to prothrombin as such it 
would represent an extremely small amount as judged from curves 
correlating prothrombin time with prothrombin concentra- 
tion (18). 
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Fic. 1. Two-stage prothrombin convertibility of successive 
portions of Seitz-filtered bovine plasma. Abscissa indicates in- 
cubation time of reaction mixture containing human brain throm- 
boplastin, bovine plasma, 0.005 mw CaCl,, and bovine BaSO, ad- 
sorbed serum in usual proportions employed in the two-stage 
prothrombin assay (9). Ordinate represents clotting time of 
standard fibrinogen solution to which aliquots of mixture were 
added at specified intervals. Numbers indicate successive por- 
tions of filtrate (Table 1). N.B. Pl. indicates results obtained 
on normal bovine plasma alone. 


as in the non-filtered plasma. Under these conditions, the two- 
stage prothrombin values agreed closely with those obtained by 
the Owren procedure. The same effect was produced by sup- 
plementing the filtered plasma with a Factor VI1-rich preparation 
free of prothrombin and Ac-G, in a concentration equivalent to 
that usually found in serum (Table I). 

In another experiment, filtered bovine plasma with a prothrom- 
bin time of 215 seconds was employed to study the corrective 
effect of varying amounts of human serum upon the one-stage 
prothrombin time (Table II) and the two-stage prothrom- 
bin conversion (Fig. 2). The serum contained 75% of normal 
human plasma Factor VII activity,’ and it was devoid of both 
prothrombin and Ac-G. The bovine plasma contained 230 
units of prothrombin per ml, its Factor VII was less than 0.5% 
of the nonfiltered plasma, and the fibrinogen, Ac-G, and anti- 
thrombin were normal. The corrective effects of the human 
serum are striking. Without the serum supplement, the one- 
stage prothrombin time was markedly elevated, and two-stage 
thrombin formation was severely compromised. With added 
serum, on the other hand, the prothrombin time was shortened 
and yield of thrombin increased progressively as the serum con- 
centration increased, up to a certain point. Beyond this, only 
the velocity was affected. Prior adsorption on BaSO, rendered 
the serum inert. 


Preparation of Prothrombin 


The described procedure, representing the experience accumu- 
lated over many years, is currently regarded as the one of choice 


* When tested with human thromboplastin in the method de- 
scribed herein, human plasma and serum, or purified fractions 
thereof, exhibit about 5 times the Factor VII activity of the bovine 
material. Conversely, with bovine brain thromboplastin, the 
Factor VII activity of the bovine plasma and serum is about 5-fold 
that of human. 
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II 
Corrective effect of normal human serum on retarded prothrombin 
conversion of bovine Seitz-filtered plasma 
Human brain thromboplastin. Mixture contained 50°% ox- 
alated plasma, and the rest oxalated serum or buffer in propor- 
tions indicated. 


Mixture 
Prothrombin time 
Serum VBOS 
% % sec 
A? 0 50.00 215 
B 0.05 49.95 181 
4 0.50 49.50 66 
D 0.63 49.37 63 
E 1.25 | 48.75 45 
F 2.50 47.50 35 
G 5.0 | 45.0 27 
H 10.0 | 40.0 23 
I 50.0 | 0 22 
BaSO, adsorbed 
serum 
J 50.0 0 210 


* Letters refer to individual curves in Fig. 2. 
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Fig. 2. Two-stage convertibility of the prothrombin in Seitz- 
filtered bovine plasma supplemented with variable amounts of 
human serum. Letters indicate the particular amount of serum 
added (Table 11). The serum was devoid of prothrombin, and 
had 75% Factor VII (proconvertin) activity. The Seitz-filtered 
plasma had 60° of normal prothrombin activity (two-stage). 


from the point of view of simplicity, and of yielding products of 
highest specific activity with minimal contamination with inert 
protein or with other clotting factors. For our purposes, yield 
was considered of secondary importance. Wherever experiments 
are described with materials obtained by methods departing 
from this procedure, the different steps will be indicated. Also 
included are terse descriptions deemed noteworthy of certain 
experiences in the development of the present method. 

Bovine Prothrombin Devoid of Factor VI1I—Bovine blood was 
collected at the slaughterhouse directly into 0.15 mM sodium or 
potassium oxalate (9 volumes of blood to one of oxalate). The 
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cellular elements were removed promptly by 30 minute cep. 
trifugation at 1500 X g at room temperature, and recentrifuga. 
tion of the plasma at 4000 x g and 5° for 40 minutes. 

The plasma was then passed through 20% asbestos Seitz filter 
pads (14-cm diameter). At a filtration rate of 45 to 60 drops 
per minute, the first 75 ml of filtrate were usually devoid of both 
prothrombin and Factor VII, and thus were discarded. The 
next 150 to 200 ml, collected separately in 25 ml portions, 
usually contained approximately 60 to 70% of the original pro- 
thrombin and less than 1% Factor VII. Each was tested sep. 
arately for Factor VII, and those aliquots in which this wag 
sufficiently low were combined for the preparation of prothrom- 
bin. Since continued filtration through the same pad usually 
resulted in the appearance of progressively increasing Factor 
VII activity in the filtrate, rendering it unsuitable for prepara- 
tion of Factor Vil-free prothrombin, no more than 300 ml of 
plasma were filtered through a single pad.* 

The combined portions were cooled to 0-5°, BaSO, was added 
(35 mg per ml), the mixture was stirred for 1 hour, and then 
centrifuged at 1500 x g for 20 minutes. The supernatant was 
discarded, the sediment was washed twice with 4 plasma volume 
of cold 0.1 mM potassium oxalate in 0.15 m sodium chloride solu- 
tion,’® and finally with 4 plasma volume of 0.15 m sodium chlo- 
ride. The BaSO, was eluted twice with constant agitation for 
30 minutes, each time with one-twentieth plasma volume of cold 
0.17 mM sodium citrate. About 70 to 90% of the adsorbed pro- 
thrombin is thus recovered. The combined eluates, separated 
from the BaSO, by centrifugation in the cold, were dialyzed 
against running tap water, or approximately 50 liters of distilled 
water, at 5-10° for 12 hours. The material, now increased in 
volume by about 30%, was then centrifuged at 3000 to 4000 x g 
to remove some inert particulate matter which often appeared. 

Sufficient solid sodium chloride was then added to bring the 
concentration to 0.05%. At such low ionic strength BaSO, will 
selectively remove Factor VII and small amounts of Ac-G, 
Thus, by re-exposure to BaSO, these contaminants can be sub- 
stantially reduced without significant loss of prothrombin. Ae- 
cordingly, readsorption with 25 mg per ml was carried out at 
0-5° for 30 minutes, and the sedimented BaSO, was discarded." 

Thereafter the procedure consisted of ammonium sulfate frac- 
tionation and isoelectric (acid) precipitation. The supernatant 
solution from the repeat BaSO, adsorption was cooled to 0-5°, 
and saturated ammonium sulfate, adjusted to pH 7.2 to 74 
with 1 N ammonium hydroxide,” was added dropwise with 
constant stirring. The precipitate obtained at 50% saturation 


* Experience has indicated great variability in the ability of 
different pads to remove selectively Factor VII vis a vis prothrom- 
bin. It is quite apparent that considerable empirical trial and 
error is involved, particularly regarding the volume of plasma that 
can be effectively processed through a given pad. 

10 This removes about one-half of the adsorbed, yet inert, pro- 
tein (19). 

11 Another step explored at this point was adsorption of the 
prothrombin on barium citrate, according to the method of Lewis 
and Ware (20). Except for certain advantages in rendering sub- 


sequent fractionation by ammonium sulfate easier, no greater 
purification was achieved. Moreover, when applied to prothrom- 
bin contaminated with Factor VII (see below), no separation of 
the entities was attained. 

12 Without such adjustment, precipitates are frequently ob- 
tained which remain dispersed despite high speed centrifugation. 
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was removed promptly” by centrifugation at 4000 x g for 15 
minutes at O-5°. The supernatant was brought to 66% am- 
monium sulfate saturation, allowed to stand in the cold for 20 
minutes, and then centrifuged at 4000 x g at O-5° for 30 minutes. 
The sediment was dissolved in 3 to 5 ml of cold distilled water, 
and the solution was dialyzed while constantly rotated on a 6- 
inch (diameter) wheel against 16 liters of cold distilled H,O for 
}2 hours. 

Subsequent isoelectric precipitation gave products somewhat 
higher in specific activity but almost always with considerable 
loss in vield. Precipitation was carried out as follows: 0.01 N 
HC! was added dropwise with constant stirring at 0° until the 
pH was reduced to 5.2 to 5.4. The resulting precipitate was 
removed by centrifugation at 4000 x g for 5 minutes, the pH 
of the supernatant was further lowered to 4.6, and the precipi- 
tate was separated and then redissolved in cold distilled water. 
The pH was adjusted to 7.0 to 7.5 with NaOH. 

Bovine prothrombin containing substantial Factor VII ac- 
tivity was intentionally prepared by the same procedure except 
for Seitz filtration. 

Human Prothrombin—Since with human material Seitz fil- 
tration does not effectively separate prothrombin from Factor 
VII, all the prothrombin fractions were obtained from unfil- 
tered plasma and contained substantial amounts of Factor VII. 
Resin decalcified plasma behaves the same as oxalated plasma as 
a convenient source material, but ACD plasma obtained in the 
usual blood bank procedure is unsatisfactory. Moreover, out- 
dated Red Cross lyophilized material yields fractions which are 
notably unstable (21). 


SOME PROPERTIES OF PURIFIED PROTHROMBIN 


Bovine Prothrombin 


Specific Activity and Stability—Most of the bovine prepara- 
tions before isoelectric precipitation had specific activities be- 
tween 7000 to 10,000 units per mg of N (Table III). Higher 
activity was occasionally obtained. The fractions can be stored 
in the frozen state or lyophilized, under the latter condition 
maintaining full potency for at least 6 months, after which the 
activity usually declines. In the frozen state it is less stable. 
In solution at refrigerator temperature stability is variable; 
occasionally full activity remains after 3 months of storage. 
Deterioration is not associated with evident thrombin evolution, 
especially in Factor VII-poor fractions. 

At room temperature Factor VII-poor prothrombin solutions 
maintain full potency for 24 to 48 hours, gradually deteriorating 
thereafter without evident thrombin formation. Factor VII- 
rich material generally is more stable and as it deteriorates very 
small amounts of thrombin appear, in one instance 2 to 3% 
of the original prothrombin in 200 or more hours. 

Contamination with Other Clotting Components—All fractions 
were free from thrombin, fibrinogen, and antihemophilic factor, 
and were essentially devoid of Ac-G. Preparations obtained 
from Seitz filtered plasma were very low in, or devoid of, Factor 


' The importance of limiting as much as possible the exposure 
of prothrombin and Factor VII fractions to concentrated anions 
became evident in later studies on the effect of these ions per se on 
prothrombin activation (6). Possible alterations in these proteins 


induced by such exposure, even for a short time, must be con- 
stantly borne in mind. 


R. Goldstein, A. Le Bolloce’h, B. Alexander, and E. Zonderman 


4 which was obtained from resin decalcified plasma. 
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Taste III 
Anlaytical data of some prothrombin fractions 


All preparations were derived from oxalated plasma except No. 
Preparation 
No. 5 was obtained from fresh plasma from a fasting donor. 


Date _ | Concurrent 

Preparation | prepared N Protein cn “| 

| unils/ | units/ | units/ml 

meg me plasma 

1. Human 7-7 -54/13,100) 2100*| 350-380 

2. Human 7-14-54/15,400) 2460*) 350-380 

3. Human 2-10-55/10, 500) 1680*| 320-350 

4. Human 3-21-56) 8,815) 1410*) 230-250 
5. Humant 5-16-5616 ,600| 2660*| 265 
14,100) 2260*| 225 

6. Bovine 6-18-57 1580*| 225-250 
7. Bovine-Factor VII poor 1-28-55) 9,050) 1450*| 350 
8. Bovine-Factor VII rich 2-28-56) 7,800) 1250*| 250 

9. Bovine-Factor VII poor 6-24-56, 9,500) 1520*| 230-250 
10. Bovine-SA-Factor VII poor | 12-27-56 1330 | 250 
11. Bovine-SB-Factor VII rich | 12-27-56 1280 | 250 

12. Bovine-13A-Factor VII poor | 2-12-57 1390 | 225-250 
13. Bovine-37-B-Factor VII 11-14-57 1630 | 250 

rich 

14. Bovine-24B-Factor VII rich{) 6-25-57; 6,400) 1030 | 250 


* Calculated on basis of factor of 6.25 (N: protein). 

t The discrepancies in activity of the prothrombin preparation, 
and plasma run concurrently by the same procedure is probably 
referable to the two different fibrinogen samples used in the assay 
(see footnote 4 in text). 

This fraction also exhibited 6000°% Factor VII activity per mg 
of N. The hexose:N ratio was 0.42. Hexose (as glucose) was 
determined by anthrone procedure of Morris (22). Assuming a 
factor of 6.11 (see analytical value of preparation No. 14), the 
percentage of hexose (as glucose) can be estimated as 6.87. 

t 16.36% N. This analytical value was obtained on an aliquot 
of an aqueous solution of source material providing 13.5 mg of 
dry residue, brought to constant weight at 95° for 72 hours. The 
material contained 161 wg calcium and 299 wg magnesium per g. 
We are indebted to Dr. Bert L. Vallee, Peter Bent Brigham Hos- 
pital, Boston, for these emission spectroscopy analyses. 


VII activity. All preparations tested on plasma thromboplastin 
antecedent (PTA) deficient blood (Table IV) (23) failed to cor- 
rect the clotting abnormality, indicating freedom from PTA. 
On the other hand, they corrected plasma thromboplastin com- 
ponent (PTC) deficient blood (24), indicating substantial con- 
tamination with this factor (Table LV). 

Factor VII Contamination—The question of prothrombin con- 
tamination with Factor VII warrants special consideration. For 
thrombin elaboration, bovine prothrombin derived from Seitz- 
filtered plasma requires both Ac-G and supplements rich in 
Factor VII. In the usual two-stage procedure™ including Ac-G, 
one such preparation yielded no measurable thrombin in over 90 
minutes (Fig. 3). When both Ac-G and Factor VII-rich material 


14 Under other circumstances where the concentration of throm- 
boplastin is much greater (3.5xX and 1000X respectively), some 
thrombin evolves quite rapidly despite the very low Factor VII 
activity in the prothrombin preparation (25). These quantitative 
interrelationships are very important in relating kinetics of throm- 
bin formation reported from different laboratories. 
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Taste IV 
Plasma thromboplastin component (PTC) and plasma thrombo- 
plastin antecedent (PTA) activity of purified bovine 
prothrombin fractions 


| Residual serum prothrombin* 


Patient blood: 2 ml added to 


PTA-deficient | PTC-deficient 

(Patient L.G.) | (Patient E.A.) 
0.10 ml 0.9% sodium chloride solution. — 75 S82 
0.05 ml bovine 2 | 
0.05 ml bovine plasma............ 3 68 
0.10 ml bovine plasma................ 20 
0.05 ml prothrombin Fraction SAT. ... 80 
0.10 ml prothrombin Fraction 8A. ..._ 75 37 
0.05 ml prothrombin Fraction 8Bf..... 72 
0.10 ml prothrombin Fraction 8B...... 76 25 


* Residual serum prothrombin 1 hour after blood shed deter- 
mined by both Owren (8) and two-stage (9) procedures. 

t Prothrombin fraction, Factor VII-poor, diluted to contain 
410 units per ml. Specific activity was 8300 units per mg of N. 
Parent plasma, assayed concurrently, contained 250 units per ml. 

t Prothrombin fraction, Factor VII-rich and derived from same 
parent plasma as 8A, was diluted to contain 450 units per ml. 
Specific activity was 7900 units per mg of N. 


160 
x. PROTHROMBIN plus 
0-0 Ac.-G. 
Ac-G.+e~ (FACT Ml ADDED) 
/ O-OFACT MII 
@-@FACT Wl *\(Ac-G. ADDED) 
60+ 
= aot 
o+ 
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Fig. 3. Two-stage prothrombin conversion of purified bovine 
prothrombin, 1400 units per mg, prepared as indicated in the text. 
Accelerator globulin (Ac-G) supplied as bovine BaSO, adsorbed 
serum (final dilution 1:600), Factor VII as normal human serum 
(1:400), devoid of Ac-G and prothrombin. At points indicated 
by arrows, supplements were provided to an aliquot of incubation 
mixture containing thromboplastin (human brain) and Ca**, while 
the remainder was permitted to incubate without the supplement. 
It should be noted that in the absence of either Ac-G or Factor VII, 
the amount of thrombin evolved was too small to measure, whereas 
in the presence of both, thrombin elaboration was rapid with full 
yield. The same results are obtainable when purified Factor VII 
fractions derived from serum are substituted for serum. 


o 10 20 


(human serum or purified fractions thereof) were supplemented, 
thrombin appeared promptly, and maximally within 10 min- 
utes. 

It should be emphasized that with a given amount of pro- 
thrombin, increments of either Factor VII, Ac-G, or both beyond 
optimal concentrations do not yield more thrombin. However, 
in the presence of excessive concentrations of both Factor VII 
and Ac-G, increments of prothrombin produce corresponding in- 
crements of thrombin. It is thus unlikely that Ac-G or Factor 
VII per se, or both, provide a progenitor of thrombin. 

To be excluded was the possibility that the prothrombin in 
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any particular fraction had somehow become altered and thus 
unreactive to thromboplastin as a consequence of the procedural 
steps other than Seitz filtration. Accordingly, fractions were 
prepared concurrently from a given sample of plasma, part of 
which was Seitz filtered, the other remaining unfiltered. Both 
were then compared. The products, devoid of thrombin and 
containing less than 1% of the original Ac-G, had a specific 
activity of about 7000 units per mg of nitrogen (Table VY), 
The prothrombin from the filtered portion could not be con- 
verted to thrombin by calcium, thromboplastin, and supple. 
mented Ac-G, whereas the “nonfiltered” prothrombin readily 
yielded thrombin. As expected, no thrombin evolved from 
either when an Ac-G supplement was omitted. Moreover, sup- 
plementing either preparation with Factor VIT alone (as oxalated 
human serum (Fig. 4)) or as a purified fraction thereof had no 
effect. When only Ac-G was provided, a sharp difference was 
apparent: the Factor VII-free material obtained from the filtered 


TasBLe V 


Prothrombin, Factor VII, and accelerator globulin activity of 
unfiltered or Seitz-filtered bovine plasma, and prothrombin 
fractions derived from each 


Unfiltered 


| Filtered 
| | Purified | | Purified 
prothrom.- prothrom- 
Plasma in activ- | Plasma activ- 
| ity/mg N | ity/mg N 
Prothrombin, l-stage 100 1600 | 50-1700 


Prothrombin, 2-stage (units / 


Factor VII (%)......... ene 100 1200 | <1 10 
Accelerator globulin (©%).... 100 2 | 10 | 

12 = 
= 
om 
~ 6-= - 
Ss d + FACTOR VI+AcG 
> 4 FACTOR VII RICH - 
! j + FACTOR vil 
2- @ +AcG - 
O + FACTOR Vil+acG 
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Fic. 4. Two-stage prothrombin conversion of purified bovine 
prothrombin concurrently derived from nonfiltered or Seitz-fil- 
tered aliquots of the same plasma. Both specimens were other- 
wise processed identically. Incubation mixture contained pro- 
thrombin, human brain thromboplastin, CaCl,, plus the 
ingredients indicated (Factor VII as oxalated human serum, ac- 
celerator globulin (Ac-G) as bovine BaSO, adsorbed serum). Or- 
dinate expresses thrombin evolving per wg protein N in the pro- 
thrombin fraction. 
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Fic. 5. Two-stage convertibility of purified bovine prothrom- 
bin fractions derived from plasma euglobulins. Oxalated bovine 
plasma was diluted 10-fold with distilled water, pH was adjusted 
to 5.1 to 5.2 with dilute acetic acid, and the precipitated euglob- 
ulins were separated by centrifugation after settling in the cold 
4°) overnight. The precipitate, redissolved in 0.99% sodium 
chloride solution, and the supernatant were subjected to adsorp- 


plasma yielded no thrombin in over 50 minutes, whereas the 
Factor VIl-rich fraction derived from the nonfiltered plasma 
showed rapid activation and full thrombin evolution. When, 
furthermore, Factor VII was provided to the Factor VII-poor 
material supplemented with Ac-G, thrombin similarly appeared 
promptly. 

We have found that the commonly used methods of prothrom- 
bin separation, involving adsorption with BaSO,, BaCOs;, Cas 
(PO,)>, Mg(OH)s, or barium citrate, followed by elution, am- 
monium sulfate fractionation, and isoelectric precipitation, do 
not effectively separate prothombin from Factor VII. When 
BaSO, adsorption is not preceded by Seitz filtration, the ratio 
of prothrombin to Factor VII in the final fraction remains es- 
sentially the same as in the original plasma (Table V). It is not 
surprising, therefore, that the preparations thus obtained read- 
ily yield thrombin in the presence of calcium, thromboplastin, 
and Ac-G. 

Noteworthy also are other experiences in the separation of 
prothrombin from Factor VII, further indicating their distinct 
difference. When the euglobulins containing prothrombin are 
precipitated from human or bovine plasma, about 30 to 40% 
of the Factor VII sediments, the rest remaining in the super- 
natant. Further purification of the precipitate by BaSO, ad- 
wrption and citrate elution may finally yield a prothrombin-rich 
iraction low in Factor VII, so that thrombin elaboration from 
such material may be considerably compromised in velocity, 


tion with BaSO,. The adsorbates were then eluted with 5°) so- 
dium citrate, and then dialyzed free from salts. The material 
derived from the supernate of the euglobulin precipitation was 
devoid of prothrombin. The reaction mixture comprised purified 
bovine lung thromboplastin, accelerator globulin (Ac-G), and bo- 
vine BaCO,; adsorbed serum, the last named in a dilution of 1 to 
150. 


yield, or both (21). When the preparation is supplemented with 
a fraction obtained from the supernatant fluid by BaSO, ad- 
sorption and citrate elution or with Factor VII-rich fractions, 
prothrombin reactivity is restored (Fig. 5). 


Human Prothrombin 


Prothrombin fractions have been obtained with specific activi- 
ties as high as 2,600 units per mg of protein (Table II]). Never- 
theless, the materials are still contaminated, certainly with 
Factor VII, and probably with other coagulation factors, e.g. 
plasma thromboplastin component and “Stuart Factor.” In 
contrast to bovine, we have thus far been unable to free human 
prothrombin completely of Factor VII. 

That it should be technically possible to do so, however, is 
indicated by investigation on a patient with congenital Factor 
VII deficiency (26). When first studied, we were unable to 
explain here relatively normal two-stage plasma prothrombin 
conversion. That it was partly due to Factor VII contamina- 
tion of the crude bovine lung thromboplastin was demonstrated 
by finding retarded prothrombin conversion with thromboplastin 
purified by the method of Ware and Seegers (9). Similarly, 
with human brain thromboplastin, under the same conditions, 
prothrombin conversion was compromised and the low thrombin 
yield could be corrected by supplementing the patient’s plasma, 
both in vitro and in vivo, with purified Factor VII, or with normal 
serum or plasma (Fig. 6) (26). 
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Fig. 6. Two-stage prothrombin conversion in congenital Fac- 
tor VII deficiency. Abscissa represents incubation time of mix- 
ture containing plasma, thromboplastin, CaCl,, and substances 
indicated. Ordinate indicates thrombin elaborated per ml of 
plasma. Human serum (normal) contained no Ac-G, and 8 units 
of residual prothrombin per ml. The bovine BaCO,-adsorbed 
serum (the source of Ac-G) contained 2% Factor VII. Note bene- 
ficial effect of 200 ml of normal human ACD plasma transfused into 
this 6-year-old child. The Factor VII activity of her plasma be- 
fore transfusion was 15°, after transfusion, 259% (normal, 100%). 
Her prothrombin time before transfusion was 50 seconds, after 
transfusion, 22 seconds (normal, 12 to 13 seconds). 


It would, therefore, be expected that prothrombin separated 
from this patient’s plasma should be as unreactive to thrombo- 
plastin, calcium, and Ac-G as that obtained from Seitz-filtered 
bovine plasma. This was confirmed. With a prothrombin con- 
centration of 60% of normal plasma and 7% Factor VII activity, 
the fraction yielded no thrombin for over 25 minutes (Fig. 7). 
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Fic. 7. Two-stage prothrombin conversion of purified pro- 
thrombin derived from patient with congenital Factor VII defi- 
ciency. Prothrombin was prepared by BaSQO, adsorption, citrate 
elution, and ammonium sulfate fractionation, in the manner de- 
scribed. Note rapid and full thrombin formation only when both 
accelerator globulin (as BaSO, adsorbed bovine serum) and Fac- 
tor VII (oxalated human serum) were incorporated in the incuba- 
tion mixture, containing the prothrombin, human brain thrombo- 
plastin, and CaCl». 
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The addition of Ac-G or Factor VII alone had little corrective 
effect, but the addition of both induced full conversion. 


DISCUSSION AND CONCLUSIONS 


The basic steps underlying the described procedure for the 
preparation of purified prothrombin of high specific activity and 
least contaminated with other clotting factors, derive from: (a) 
the early observation of Dale and Walpole (27) that BaSo, 
has a high affinity for prothrombin; (6) our early observations 
that BaSO, cannot remove prothrombin from citrated plasma 
in contrast to plasma otherwise rendered incoagulable, sug- 
gesting the value of citrate as an eluting agent (28, 29); and (c) 
the more recent demonstration by Owren (12) that Seitz-filtered 
bovine plasma is devoid of Factor VII yet contains a substantial 
amount of prothrombin. The other steps consist of conventional 
procedures. 

Prothrombin of high specific activity and, in the instance of 
bovine material, devoid of Factor VII has thus been obtained, 
The procedure permits ready separation of prothrombin and 
related factors in one easy step without compromising subse- 
quent harvesting of many important plasma proteins. 

From bovine plasma two types of purified fractions are readily 
prepared, the one derived from filtered plasma which in its bio- 
logical convertibility to thrombin differs strikingly from that 
derived from its nonfiltered counterpart. Subsequent studies 
(6, 30, 31), to be reported elsewhere in detail, indicate that 
thrombin elaboration from these different prothrombins is also 
strikingly different when anions or certain proteolytic enzymes 
are used as the activating agents. Thus, the materials ob- 
tained have not only yielded information regarding some prop- 
erties of prothrombin, but also have permitted study of the 
conditions required for its activation via several pathways. 
Since in this connection there is considerable disagreement among 
investigators working with prothrombin obtained by different 
methods, it is clearly advantageous to have highly purified ma- 
terial derived by a procedure differing radically from others used 
for obtaining prothrombin, upon which much of the reported 
work on its characterization and activation is based (4, 32, 33). 

Despite substantial progress in purification, convincing evi- 
dence of ultimate purity is still lacking. Prothrombin assay 
depends upon conversion to thrombin and subsequent measure- 
ment of this enzyme. Thus, the conditions essential for com- 
plete activation are of crucial importance for specific activity 
determinations, and these in turn for evaluating progress toward 
obtaining ultimately pure material for definitive biochemical and 
physicochemical characterization. 

That purified fractions are obtainable of essentially equal 
specific activity yet radically different in biological reactivity, 
raises disturbing questions regarding the purity as well as the 
nature, of prothrombin. Two relevant possibilities must be 
considered: (a) either Seitz filtration of bovine plasma so alters 
its prothrombin that it becomes biologically unreactive in con- 
trast to its nonfiltered counterpart; or (6) filtration removes an 
entity distinct from prothrombin, essential for prothrombin 
activation, and which, when restored, re-establishes prothrom- 
bin convertibility. 

Either possibility, if correct, has broad biological and patho- 
logical significance. Conceivably the filtration procedure may 
induce an internal molecular structural change or may remove 
a fragment essential for thrombin elaboration. Aside from the 
intriguing nature of these possible alterations, we are according 
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to this concept confronted with the nature of the restorative 
mechanism induced by the admixture of prothrombin-free serum 
or fractions thereof. Also to be explained is the “different” 
structure of the prothrombin in patients with congenital Factor 
VII deficiency (26), in the newborn (34, 35), or in subjects re- 
ceiving coumarin drugs (36). In all these instances, the pro- 
thrombin is similarly unreactive. Pursuing this line of reason- 
ing, one may argue that in such individuals the prothrombin is 
inherently defective, analogous to structural abnormalities re- 
cently disclosed for hemoglobin. 

Also to be mentioned are observations of biological hyperac- 
tivity developing in the prothrombin in aging plasma or plasma 
fractions (28), or existing in the plasma of the gravid female 
(34, 35, 37). Under these circumstances, a converse molecular 
alteration would have to be imagined. 

On the basis of this structural theory, a unique configuration 
would have to be postulated for the prothrombin molecule; it 
would have to consist of a fundamental unit with at least two 
different functional groups, both serving distinct, and essential, 
physiological functions, and each capable of being blocked or 
otherwise rendered impotent under widely diverse circumstances; 
or conversely, of being restored by supplementing with non- 
prothrombin materials in serum or serum fractions. 

The alternative possibility appears more reasonable, namely 
that Seitz filteration selectively removes essential nonprothrom- 
bin factor(s). Such separation, yielding relatively unreactive 
prothrombin, can be achieved also by euglobulin precipitation, 
by adsorption on BaSO, columns (38) or on charcoal (39), and 
by electrophoresis on starch (40, 41). It is unlikely that all 
these widely different manipulative procedures induce the same 
structural change. More likely, they separate entities distinct 
from prothrombin which play a fundamental role in prothrombin 
activation. One such entity (Factor VII), which is decreased 
or otherwise rendered inert in the above mentioned pathological 
conditions, has been separated and purified from normal plasma 
and serum, and many of its properties have been described 
(13, 27, 38, 42, 43). 

This interpretation conforms with the views of others (13, 
18). If correct, it follows that prothrombin fractions which 
are readily convertible biologically or under the influence of 
citrate, and so forth, are probably still contaminated with 
important clotting factors. This is true of our bovine prepara- 
tions from nonfiltered plasma and certainly true of our human 
fractions despite specific activities which exceed, or at least 
equal, those recorded for any material. In agreement are our 
observations that they do not sediment uniformly in the ultra- 
centrifuge (42). Contamination of purified prothrombin has 
been reported by other investigators (44). In the light of this 
body of evidence, the reported biochemical and physicochemical 
characterization of prothrombin, and the conditions required 
for its activation require rescrutiny with purer material, particu- 
larly devoid of nonprothrombin coagulation factors. 

Despite these limiting considerations, certain important 
conclusions may be drawn. That human prothrombin fractions, 
still contaminated, can yield more than 2600 units of thrombin 
per mg of protein suggests that substantially higher specific 
activities must be anticipated as ultimate purity is approached. 
Lower activities indicate contamination, denaturation, or other 
biological impotence. 


R. Goldstein, A. Le Bolloc’h, B. Alexander, and E. Zonderman 
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SUMMARY 


A procedure is presented for the preparation of purified human 
and bovine prothrombin involving adsorption of plasma by 
BaSQO,, elution with citrate, ammonium sulfate fractionation, and 
acid precipitation. The method yields material of high specific 
activity. Although still contaminated with other clotting fac- 
tors, some human fractions have been obtained with activities 
which equal or exceed any reported. 

Seitz filtration of bovine plasma before processing yielded a 
prothrombin fraction which could not be activated to thrombin 
biologically unless additional clotting factor(s), presumed to be 
Factor VII, was simultaneously provided. In this respect it 
resembled prothrombin derived from a patient with Factor VII 
deficiency. It is concluded that the Seitz filter removes this 
essential nonprothrombin entity rather than altering the pro- 
thrombin molecule, thereby rendering it biologically inert. 
This cannot be done with human plasma. It is also concluded 
that prothrombin preparations which are readily activated, are 
contaminated with nonprothrombin factor(s) essential for pro- 
thrombin conversion to thrombin. 

Some biochemical and physiological properties of these pro- 
thrombin preparations are described, and the biological implica- 
tions pertinent to the characterization of prothrombin in the 
present status of its purification are presented. 
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Factors Affecting the Activity of Muscle Phosphorylase b Kinase 
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Resting muscle contains a higher proportion of phosphorylase 
b than of phosphorylase a as determined by analysis of extracts 
(1). Under the influence of epinephrine (2, 3) or with muscle 
contraction (4), the amount of phosphorylase a increases. Two 
enzymes Which are involved in the interconversion of the two 
forms of phosphorylase have been described. One of these, 
phosphorylase b kinase, catalyzes the phosphorylation of phos- 
phorylase 6 by adenosine triphosphate to give phosphorylase a 
(5-7); the other enzyme, phosphorylase phosphatase,' catalyzes 
the hydrolytic cleavage of phosphate from phosphorylase a to 
give phosphorylase 6 (9). It appears reasonable to assume that 
the relative activities of these two enzymes would be important 
factors in determining the proportion of phosphorylase a and 6 
in musele (4, 11). 

It has been found that phosphorylase 6 kinase exists in fresh 
rabbit muscle extracts in a form that is inactive at pH 7.0 or 
below. The enzyme becomes highly active in this region when 
incubated for a short period of time with Ca** ions. As it has 
been suggested that the release of bound Ca** may be «a link 
between excitation of muscle and contraction (12, 13) or that 
Ca** may be mobilized and undergo transfer from one site to 
another in connection with muscle contraction (14, 15), it is 
possible that the present effect is related to an important control 
process. Activation of phosphorylase 6 kinase would result in 
the production of phosphorylase a, which in turn catalyzes the 
first step in glycogenolysis. 

The outstanding investigations of Sutherland et al. (16-18) 
have shown that the increased formation of active liver phos. 
phorylase observed in the presence of epinephrine is medi. 
ated by adenosine 3’,5’-phosphoric acid formed from adeno. 
sine triphosphate. They also have observed the formation of 
this substance in other tissues including skeletal muscle. No 
explanation has been given, however, as to how this compound 
acts in shifting the balance between the active and inactive 
forms of phosphorvlase. In the present investigation it is shown 
that in muscle extract the effect of adenosine 3’ ,5’-phosphoric 
acid is in the activation of phosphorylase 6b kinase. In the activa- 
tion process, which is apparent when the kinase is assayed below 
its pH optimum, Mg** ions and adenosine triphosphate are 
required for the cyclic nucleotide effect. A preliminary report 
of this work has been given (19). 


* Predoctoral Fellow of the National Institute of Arthritis and 
Metabolic Diseases, United States Publie Health Service. 

' This enzyme was originally called PR enzyme at the time of 
its discovery (8). On the basis of its function (9) the name phos- 
Phorylase phosphatase, as originally applied to the analogous liver 
enzyme by Wosilait and Sutherland (10), is used here. 


METHODS 


Materials—Crystalline rabbit muscle phosphorylase 6 was 
isolated as described previously (20). Phosphorylase a and 
P*-labeled phosphorylase a@ were made from phosphorylase } 
with ATP and phosphorylase 6 kinase (7). Samples of crystal- 
line cyclic 3’,5’-AMP? were kindly furnished by Dr. David 
Lipkin and Dr. Earl W. Sutherland. The glycogen used in the 
assay Of phosphorylase activities was obtained from Krishell 
Laboratories, Inc., and was freed from traces of AM P* and other 
impurities by passage through Dowex 1-X10,200 to 400 mesh, in 
the OH~ form and Dowex 50-X4,100 to 200 mesh, in the H* 
form. The effectiveness of this treatment was ascertained by 
spectrophotometric analysis of hydrolyzed glycogen solutions 
before and after the procedure. 

Muscle Extracts—White female rabbits were anesthetized 
deeply with sodium pentobarbital solution and the blood was 
drained from the jugular veins. The muscles from the lower 
extremities and back were removed immediately, packed in 
crushed ice, and then passed through an ordinary meat grinder 
in the cold room. Portions of 100 g of the ground muscle were 
mixed with 200 ml amounts of cold distilled water and homog- 
enized for 1 minute in a Waring Blendor. The homogenate was 
then centrifuged at 4,000 x g for 30 minutes and the supernatant 
solution was collected after filtering through glass wool to remove 
traces of lipid material. The extracts were kept at 0° and used 
within 3 hours. pH adjustments of the extract to neutrality 
were made by careful addition of 1 N NaOH. 

Acid Precipitation—The pH of the extracts was lowered to 5.7 
to 5.8 by the addition of Ll N acetic acid. The precipitate which 
formed was collected by centrifugation at 10,000 «x g and 
partially dissolved‘ in sufficient 0.08 mM sodium glycerophosphate 
to give a final volume approximately ,', that of the extract used, 
and the pH was adjusted to 7.0 by careful addition of 1 Nn NaOH. 
This fraction was stored at —20°. On some occasions the solu- 
tion was made 0.002 m with respect to EDTA before freezing 
and storage. 

The abbreviations used are: cyclic 3’,5’-AMP, adenosine 3’, 5’- 
phosphoric acid; EDTA, ethylenediaminetetraacetic acid; Tris, 
tris(hydroxymethyl)aminomethane. 

* In a previous publication (7) the activity of phosphorylase a, 
as measured in the absence of AMP, was erroneously found to be 
equal to the activity of this form of the enzyme measured in the 
presence of AMP. This was due to traces of AMP in the glycogen 
used in the reaction mixture for the activity test. The slight 
activity reported for charcoal-treated samples of crystalline phos- 
phorylase 6 (20), presumably determined in the absence of AMP, 
was also due to this contaminant. 

* Most of the protein appears to go into solution although the 
final mixture is still turbid; it can be elarified by centrifugation 
at 25,000 * g without loss of phosphorylase b kinase. 
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Fic. 1. Phosphorylase } kinase activity of muscle extracts; 
effects of Ca** and cyclic 3’,5’-AMP. Phosphorylase 6 kinase 
activities were determined at a final dilution of 1 to 1,320 of muscle 
extract at the pH values indicated. The usual assay system for 
measurement of initial reaction rates (see ‘‘Methods’’) was em- 
ployed. A sodium glycerophosphate-glycine buffer instead of a 
sodium glycerophosphate-Tris buffer was used at pH 9.1. In 
Curve A the extract was diluted and assayed without treatment. 
In Curves B and C the extract was adjusted to pH 7.0 and incubated 
for 15 minutes at 30° with either 1 m cyclic 3’,5’-AMP or 3 
X 10-3 m calcium acetate, respectively, before dilution and assay. 
A control experiment in which extract was adjusted to pH 7.0 and 
incubated without additions gave a curve identical to Curve A. 


Phosphorylase b Kinase Activities—Phosphorylase 6 kinase 
activities were determined by a modification of the method de- 
scribed previously (6). Reaction mixtures are made up as 
follows: 0.1 ml of 0.25 m Tris-0.25 m sodium glycerophosphate 
buffer, 0.1 ml of H,O or additions, 0.2 ml of phosphorylase b 
solution in 0.015 m neutral cysteine, 0.1 ml of kinase solution 
diluted in cold 0.015 m neutral cysteine, and 0.1 ml of 6 x 10-? m 
Mg(Ac)--1.8 X 10°? m ATP solution to start the reaction, which 
is carried out at 30°. The pH of the buffer and of the Mg-ATP 
solution are adjusted to give whatever final pH is desired. At 5 
minutes an aliquot is removed and diluted in 0.04 m sodium 
glycerophosphate-0.03 mM cysteine buffer containing 0.001 m 
EDTA, pH 6.8, for assay of phosphorylase activity according 
to the method of Illingworth and Cori (21). A unit of phos- 
phorylase 6 kinase activity is defined as before (6), i.e. that 
amount of enzyme that gives rise to the formation of 100 units 
of phosphorylase activity (measured without AMP) per ml of 
kinase reaction mixture in 5 minutes at 30°. The amount of 
phosphorylase 6 in the reaction mixture corresponds to about 
10,000 units (6 mg) and assays are carried out at sufficient dilu- 
tion of the kinase so that no more than } of the phosphorylase b 
will be converted within 5 minutes. In addition to the measure- 
ment of initial reaction rates, as described in the above assay 
system, the entire time course of the phosphorylase b to a reac- 
tion was followed with similar reaction mixtures. In this case 
aliquots were removed for phosphorylase assay at additional 
times beyond 5 minutes. 

Phosphorylase Phosphatase Activities—Phosphorylase phos- 
phatase activities were determined essentially as described by 
Keller and Cori (22) except that the phosphorylase a concentra- 
tion was approximately thirty times greater than in their assay. 
This required an intermediate dilution before the assay for the 
phosphorylase. 
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RESULTS 


Phosphorylase 6 Kinase Activity of Muscle Extracts—Phos. 
phorylase 6 kinase of fresh rabbit muscle extracts is inactive 
when tested at pH 7 or below (Curve A of Fig. 1). Above this 
pH the enzyme is active, reaching its maximum around pH 8.5, 
This behavior is markedly different from that obtained with the 
preparations of purified phosphorylase b kinase described pre- 
viously (6), which had their optimum in the same region but 
were more than half maximally active at pH 7. Since the kinase 
activity determinations are carried out at more than a 1000-fold 
dilution of the extract, it is unlikely that nonspecific effects due 
to salts or other components in the extract would affect the pH 
optimum curve appreciably and thus account for the observed 
difference. 

Activation of Phosphorylase b Kinase by Ca**—When muscle 
extracts are incubated with added Ca** ions for a short period of 
time, a striking activation’ of the kinase results. This activation 
is made manifest when the kinase activities are determined at 
pH values below the optimum range (Curve C of Fig. 1). The 
activation process is rapid with a maximum activity being 
reached after 3 to 5 minutes of incubation at 30°; the level of 
activity remains constant when the incubation times are pro- 
longed to 45 minutes. No reversal of the activation is seen when 
a 2-fold molar excess of EDTA over the Ca** ions is added after 
activation has occurred. This concentration of EDTA added 
before the addition of the Ca** ions prevents the activation. 
Other metals studied including Zn**, Mg**, Cu**, Fe**, Ma**, 
and Ni** have not been found to be effective in activating the 
kinase of muscle. 

Fractionation of “pH 7-inactive’’ Kinase from Muscle Extract— 
When the pH of fresh muscle extract is lowered to 5.7 to 5.8 (see 
“Methods”’), the precipitate which forms contains the phos- 
phorylase 6 kinase. If this precipitate is dissolved in sodium 
glycerophosphate buffer, pH 7, and assayed the same day, it can 
be shown that the kinase is present in essentially the same “pH 
7-inactive” form as in the original extract (Curve A of Fig. 2). 
Slight activation may have occurred, however, since there is 
now detectable activity at pH 7 and lower. On incubation with 
Ca** the enzyme is again markedly activated (Curve B of Fig. 2); 
here there appears to be some increase in activity even at high 
pH values near the optimum which was not seen to any marked 
degree in the extracts. If the acid precipitate fraction is stored 
without EDTA, it is slowly*® transformed to the activated type 
of enzyme. Storage with EDTA holds the enzyme in its “pH 7- 
inactive” state. Once the acid precipitate fraction has been 
activated with Ca**, it is not converted back to the “pH 7- 
inactive” form by dialysis against repeated changes of neutral 
2x 10-*m EDTA. The Ca**-activated and -dialyzed kinase 
does not lose activity when added back to the nonactivated acid 
precipitate fraction. 

Dual Role of Ca**—In the experiments described thus far, the 
effect of Ca** on the kinase has been studied by adding the metal 
to the muscle extracts, incubating for a short period, and then 
assaying at a high dilution of the treated extract. Under these 


* Phosphorylase b kinase which is inactive at pH 7.0 and below 
will be referred to as “‘pH 7-inactive’’ enzyme. A change in the 
kinase so that its activity is increased at pH 7 will be referred to 
as “‘activation.’’ 

* This fraction is stored in the frozen state in plastic tubes. 
After thawing and use on 2 or 3 successive days, the enzyme will 
have become activated. 
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Fic. 2. Phosphorylase 6 kinase activity of acid precipitate 
fraction before and after activation with Ca**. Curve A: acid 
precipitate fraction control. Kinase activities were carried out 
at a | to 24,000 final dilution of the fraction at the pH values in- 
dicated. Curve B: the acid-precipitate fraction was incubated 
with 5 X 10°* wm Ca** for 15 minutes at 30°. Kinase activities were 
carried out as in A. 
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Fic. 3. Effect of Ca** in the kinase test system with muscle 
extract as source of enzyme. Fresh muscle extract was assayed 
at a final dilution of 1 to 1,200. [Ca**| = 1 K 10°? w in the assay 
reaction mixture where indicated. The pH of the assay is shown 
beneath the columns. 


conditions Ca** is present at very low concentrations (of the 
order of 10~-* mt) during the kinase reaction itself. When Ca** 
is introduced directly into the kinase reaction mixture an interest- 
ing dual role for this metal appears (Fig. 3). Now Ca** acts 
either as an activator or as an inhibitor, depending upon the pH. 
Below pH 8 the first of these effects prevails; above this point 
the enzyme is inhibited. The explanation for this complicated 
picture lies in the superposition of two separate and opposite 
actions of this metal. First, as shown above, Ca** causes a 
change in the “pH 7-inactive” kinase present in muscle extracts, 
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Fic. 4. Inhibition of phosphorylase 6 kinase by Ca*t*. The 
concentration of Mg**fwas 1 X 10°? m in the kinase assay reaction 
mixture, [ATP] = 3 ~ 10°° mM, pH = 7.8. Source of kinase was 
activated acid-precipitate fraction diluted 1 to 5,000 in reaction 
mixture. 


so that the enzyme becomes active at a lower pH: 


7-inactive’’ phosphorylase b kinase Ca‘? 
phosphorylase b kinase (1) 


The second action is an inhibition of the phosphorylase b kinase 
reaction, which proceeds according to Equation 2: 


2 Phosphorylase 6 + 4 ATP_Mg™* 
phosphorylase a + 4 ADP (2) 


This inhibition occurs over the entire pH range of activity of the 
kinase, but below pH 8.0 the effect of forming active kinase as 
in Equation | predominates. 

Inhibition of Phosphorylase b Kinase Reaction by Ca**+—With 
the use of an acid-precipitated fraction activated with 5 x 10-3 m 
Ca** and then diluted so that the amount of this metal carried 
over into the assay reaction mixture would be of the order of 
10° m, the inhibitory properties of Ca** in the phosphorylase } 
to a reaction itself were studied. Fig. 4 shows the effect of 
increasing concentrations of Ca** on the kinase activity; in this 
experiment with 1 x 10-? m Mg** the reaction is inhibited 50% 
at 2 x 10°* mw Cat*. The inhibition is noncompetitive with 
respect to ATP’ (Fig. 5), but is competitive with respect to Mg** 
(Fig. 6). The value of A,, for Mg** is 1.9 * 10-* m and the 
value of A; for Ca** is 3.0 K 10-* m under the conditions of the 
experiment illustrated in Fig. 6. 

Effect of Ca** on Phosphorylase b Kinase Reaction in Presence 
of EDTA—Ilt appeared to be of interest to study the interrela- 
tionship that might exist between Mg** and Ca** in the phos- 


? The anomalous plot shows inhibition by high ATP concentra- 
tions which is especially marked in the presence of Ca**. 
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Fic. 5. Effect of varying ATP on the inhibition of phosphoryl- 
ase b kinase by Cat*. Conditions as in experiment of Fig. 4. 
ATP concentration as shown. [Ca**] = 1.60 KX 107° min A. 
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Fia. 6. Effect of varying Mg** on the inhibition of phosphory!l- 
ase b kinase by Ca**. Conditions as in legend of Fig. 4 except 
that the source of kinase was a different activated acid precipitate 
fraction assayed at a 1 to 14,000 dilution. [Ca**}] = 1.43 &k 10% 
Min A. 


phorylase 6 kinase reaction in the presence of an agent that 
chelated these metals. In the experiment of Fig. 7 increasing 
amounts of EDTA are added to the assay reaction mixture in 
the presence (Curve A) and absence of Ca** (Curve B). The 
source of kinase is again the activated and diluted acid precipitate 
fraction. It can be seen that without Ca** the extent of inhibi- 
tion increases with increasing EDTA until it becomes essentially 
complete at the point where the concentration of the chelating 
agent and Mg** are equal (1.4 K 10-2 Mm). The reaction with 
Ca++ (Curve A) is inhibited relative to that without Ca** (Curve 
B) at the lower EDTA concentrations, but the reverse is true 
at the higher EDTA levels. These results can be understood 
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on the basis of the ability of Ca** to displace the more loosely 
bound Mg** from EDTA. 

Whether this model system with EDTA is comparable to 
anything existing in muscle or in muscle extracts is not known, 
Muscle contains substances (phosphates, nucleotides, proteins, 
and so forth) which can serve as chelating agents for metals, and 
under certain circumstances the displacement of one metal by 
another could serve as a regulatory mechanism. 

Effect of Cyclic 3’ ,5'-A MP on Phosphorylase b Kinase Activity— 
When fresh muscle extracts are incubated with cyclic 3’ ,5’-AMP, 
their phosphorylase 6 kinase activity is increased; this is espe- 
cially noticeable when the kinase assays are carried out at pH 
values below the optimum for this enzyme (Curve B of Fig. 1). 
In this latter respect the activation of the kinase in the extract 
by the cyclic nucleotide resembles the action of Ca** ions, 
except that the extent of activation is not as great as with the 
metal. In contrast to the effect of Ca** ions, the activation of 
the kinase by cyclic 3’,5'-AMP appears to be transient as is 
shown in the experiment of Table I. 

The activation of phosphorylase 6 kinase by cyclic 3’ ,5’-AMP 
requires the presence of a labile factor in the muscle extract, 
This is evident from the experiment of Table 1, where it can be 
seen that readdition of cyclic 3’ ,5'-AMP after incubation of the 
extract for 60 minutes fails to reactivate the kinase appreciably. 
Evidence that the factor lost from the extract during the incuba- 
tion period might be ATP is seen by the effectiveness of this 
substance when it is added along with cyclic 3’,5’-AMP; more- 
over, in separate experiments it was shown that sufficient ATPase 
activity exists in this type of extract to account readily for the 
destruction of endogenous ATP during an incubation period of 
60 minutes at 30°. The experiment of Table I shows that cyelic 
3’ ,5’-AMP is also lost from the extract during the incubation, 
since addition of ATP alone at 60 minutes has no effect. The 
requirement for ATP to enable cyclic 3’ ,5’-AMP to act can also 
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Fic. 7. Effect of Ca** on phosphorylase 6 kinase in presence of 
EDTA. Conditions as described in legend of Fig. 4 except (Mg**! 
= 14 xX 10% mu. Curve A: with 1 w Ca** in the kinase 
reaction mixture. Curve B: without Ca**. 
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be shown when an initial dilution of fresh muscle extract is made 
before its incubation with activating components (Table II). 
Now, even though the extract contains endogenous ATP, the 
dilution lowers its concentration to a level where cyclic 3’ ,5’- 
AMP alone is not effective. 

Time Course of Phosphorylase b to a Reaction with “pH! 7- 
inactive’ Kinase—It can be seen in the experiment of Table I 
that incubation of diluted muscle extract with ATP and Mg** 
jons caused some activation of phosphorylase 6 kinase in the 
absence of added cyclic 3’,5’-AMP. This effect was more 
marked in the incubation carried out at pH 8.4 than in the experi- 
ment at pH 7.0. Since ATP and Mg** ions are both compo- 
nents of the phosphorylase 6 to a reaction itself, this reaction 
was studied beyond the 5-minute period used in the measurement 
of initial reaction rates in the kinase assay.* An experiment at 
various pH's with dilute muscle extract as a source of “pH 7- 
inactive’ kinase, is shown in Fig. 8. At the two lower pH values 
the reactions are clearly autocatalytic with zero initial reaction 
rates. With the particular extract used in the experiment of 
Fig. S some phosphorylase a formation was evident at 5 minutes 
at pH 6.8; this amounted to 6° of that found at pH. 8.6. More 
commonly, as shown with the extracts used in Fig. | and Tables 
land Il, essentially no phosphorylase a was formed at pH 7.0 
or lower in 5 minutes, the period of time emploved in the usual 
kinase assay (see “Methods”). As the pH is increased the 
requirement for activation becomes less apparent, until at pH 
8.2 the enzyme seems to be fully active initially. 

In another experiment at pH 6.8 (Pig. 9), evelie 3’,5’-AMP 
is included in the phosphorylase 6 kinase reaction mixture 
(Curve B). Its presence does not abolish the lag period, but 
accelerates the activation process and results in the attainment 
of a rate which is equal to that shown in Curve C, where the 
extract has been activated by preincubation with Ca** ions. 
In the control reaction (Curre A), without added eyelic 3’ ,5’- 
AMP the rate is still increasing slowly at 20 minutes. Protein- 
free filtrates of reaction mixtures similar to that in Curve B at 
15 minutes have not been found to contain anything that will 
abolish the lag phase of the kinase reaction. Heating, addition 
of perchloric acid, and addition of organic solvents have been 
used as methods for deproteinization. 

The specificity of eyelic 3’ .5’-AMP for its role in the activation 
of phosphorylase 6 kinase has been tested with other nucleotides 
alone or in combination with ATP by preincubating these sub- 
stances with “pH 7-inactive” kinase in the presence of Mg’. 
No other nucleotide was found to be effective. Those tested 
include: cyclic 2’ ,3’-AMP, 2’-AMP, 3’-AMP, 5’-AMP, ADP, 
ATP, GMP, GDP, GTP, UMP, UDP, UTP, CMP, CDP, CTP, 
IMP, IDP, and ITP. 

Localization of Effects of Cyclic 3 .5'-AMP to Activation of 
Phosphorylase b Kinase——The problem in localizing an effect that 
shifts the balance between the phosphorylated and the nonphos- 
phorylated forms of phosphorylase has been discussed by Rall 
and Sutherland (17). This is especially difficult when extracts 
or crude fractions containing both phosphorylase kinase and 
phosphorylase phosphatase are studied under conditions in which 


* The earlier study (6) showing the entire course of the phos- 
phorvlase 6 to a reaction was carried out with an acid precipitate 
fraction as the source of phosphorylase 6 kinase. As this fraction 


had been stored without EDTA, it was probably of the ‘‘acti- 
vated" type (see footnote 6). 
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Requirements for activation of phosphorylase b kinase in muscle 
extracts by adenosine 3° ,5'-phosphoric acid 

Phosphorylase b kinase activities were determined at a final 
dilution of 1 to 900 of muscle extract. Incubation of the extract 
was carried out at 30° at pH 7.0. Cyclic 3’,5'-AMP was added to 
a final concentration of | X 10°‘ mM and ATP to a final concentra- 
tion of 2 X 10°' mw where shown. The mixture was divided into 
3 portions at 60 minutes. 


| Phosphorylase 5 kinase 
activity at 


Treatment of extract 


pH 7.0 pH 8.6 
uniis/ml | tniis/mil 
No additions 200 400 
Incubation for 10 minutes after addition | 3,100 | 12,400 
of eyelie 3° ,5'-AMP | | 
Incubation continued for 30 minutes 0 13,100 
Incubation continued for 60 minutes | 0 11,200 
Incubation continued for 71 minutes (cy- | 400 
elie 3°,5'-AMP readded at 61 minutes) | 
Incubation continued for 71 minutes (ATP | 3000 
readded at 61 minutes) | | 
Incubation continued for 71 minutes (ey- 3,400 
elie 3°.5'-AMP and ATP added at 61. 
minutes) 
No additions. Extract ineubated for 71 100-12, 900 
minutes | 


—- 


Il 


Activation of phosphorylase b kinase in diluted muscle extract at 
different pH values 

Complete incubation mixtures for the activation of the kinase 
were made up with the following components: 0.2 ml of 0.125 m 
Tris-0.125 sodium glycerophosphate buffer, 0.1 ml of 5 10-4 
evelie 3°. 5'-AMP, 0.1 ml of 5 Mg(Ae)2-1.5 K 10 ATP, 
and 0.1 ml of fresh muscle extract diluted 1 to 30. Incubations 
were carried out for 15 minutes at 30° and aliquots were removed 
for assay of phosphorylase 6 kinase at pH 6.8. 


pH of ime ubation Cy lie M ATP Cyc lic Cc let 
mixture during AMP and Mg- ¥.S-AMP | 
ac tivation ATP omitted omitted omitted system 
mi* wnits, mi* unils/mi* | uniis/mil* 
7.0 100 200 1,200 3,700 
0 0 2,100 


4,100 


* Caleulated back to original muscle extract. 


both reactions can occur at demonstrable rates. In the present 
work, however, phosphorylase kinase assays are carried out at 
dilutions 10-fold higher than the maximum dilution at which any 
phosphorylase phosphatase activity can be detected in the usual 
phosphorylase phosphatase activity test. 

To eliminate completely the possibility that some special con- 
dition might exist in the kinase reaction that would permit 
phosphorylase phosphatase to act, a control experiment was set 
up in which a trace of P®-labeled phosphorylase a was included 
in the kinase reaction mixture. Reactions were carried out under 
these conditions with fresh muscle extract, extract activated by 
Ca** ions, and extract activated by cyclic 3’,5’-AMP (Table 
IIT). In every instance all the radioactive phosphorus could 
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PHOSPHORYLASE @ UNITS/ml.x 10-2 
a @ 


6 12 15 
MINUTES 


Fic. 8. Time course of the phosphorylase } to a reaction with 
“‘oH 7-inactive’’ kinase at different pH values. Fresh muscle 
extract at a final dilution of 1 to 1,000 in the kinase reaction mix- 
ture was used. The pH value for each reaction mixture is shown 
beside the curves. The ordinate gives units of phosphorylase a 
per ml of kinase reaction mixture. 
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PHOSPHORYLASE @ UNITS/mi x 1075 


20 


5 10 i5 
MINUTES 
Fig. 9. Course of the phosphorylase b to a@ reaction in the 
presence of cyclic 3’,5’-AMP. Fresh muscle extract at a final 
dilution of 1 to 700 in the kinase reaction mixture was used. In 
Curve A no additions to the reaction mixture were made. In 
Curve B the reaction mixture contained 1.5 K 10-4 m eveclice 3’,5’- 
AMP. In Curve C the reaction mixture was identical to that of 
Curve A except that the extract was preincubated with 5 K 107° 
M calcium acetate before dilution and use. The pH of the reac- 
tion mixtures was 6.8 in all instances. 


be recovered in a protein-bound form, showing that no phos- 
phatase action had occurred. Since the ATP used in the kinase 
reactions was not labeled, any phosphatase action followed by 
rephosphorylation would lead to a loss of the bound isotopic 
phosphorus. It is concluded that the activation effects reported 
in this study are not due to inhibition of phosphorylase phos- 
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Absence of phosphorylase phosphatase activity during 
phosphorylase kinase reaction 

The kinase reaction mixtures at pH 7.5 contained 0.1 mg of 
crystalline P®-labeled phosphorylase a in addition to the regular 
components. At 5 minutes and at 60 minutes aliquots were re. 
moved and the proteins were precipitated with 5°, trichloroacetic 
acid, washed, dissolved in formic acid, plated, and counted as 
described previously (7). Phosphorylase a determinations were 
also made on separate aliquots removed at 5 minutes. Theoreti- 
cal c.p.m. on samples = 350, assuming no phosphatase action. 


Protein-bound radioactive phosphorus at 


Treatment of extract 


5 minutes @® minutes 


oom. 


— — 


cpm. 
340 
30S 


None 

Activation® with 5 10°' eal- 
cium acetate 

Activation*® with 1 K 10°‘ M ey- 
clic 3',5'-AMP 


$25 417 


* The extract showed 13,000 kinase units per ml before activa- 
tion and 26,000 units per ml after activation with either Ca** or 
eyelic 3’,5'-AMP. 


phatase. Control experiments have also been carried out show- 
ing that the ATP level in the kinase assay is not rate limiting, 
so that a secondary effect due to a variation in activity of con- 
taminating ATPase can be ruled out as an explanation for the 
role of cyclic 3’ ,5’-AMP. 


DISCUSSION 


The results reported in this paper are not readily explained 
on the basis of the information available. It appears certain 
that phosphorylase b kinase can be extracted from muscle in a 
form that is not fully active. Seemingly diverse methods are 
available for the activation of the enzyme. These include: 
(a) incubation with Ca**, which can be carried out in the crude 
extract or with a partially purified preparation of the “pH 7- 
inactive” kinase; and (6) incubation with ATP and Mg** ions. 
The latter type of activation is accelerated by addition of cyclic 
3’,5’-AMP, a substance which has no effect by itself. The 
studies involving the time course of the phosphorylase b to a 
reaction at different pH values, with “pH 7-inactive’’ kinase, 
suggest that the kinase may be completely inactive initially and 
appears to be fully active at the higher pH values only because 
here the activation by ATP is essentially instantaneous. It has 
not been excluded that ATP may be giving rise to some cyelie 
3’ ,5’-AMP in addition to acting in conjunction with this sub 
stance in the activation process. 

A highly speculative hypothesis to advance in relation to the 
observed phenomena is that phosphorylase 6 kinase itself exists 
in phosphorylated and dephosphorylated forms, which are active 
and inactive in a manner analogous to phosphorylases a and b. 
According to this hypothesis an enzyme system consisting of 
another kinase and a phosphatase might be involved in the 
activation and inactivation of phosphorylase 6 kinase. The 
effects of Ca**, pH, ATP, and cyclic 3’,5’-AMP on the state 
of kinase activity could involve either the activating or inactivat- 
ing enzymic reactions. 

It is possible that phosphorylase 6 kinase is extracted from 


2872 

16 
= 7.7 
e 


va- 


78 


TSR 


November 1959 


muscle in the form of an organized complex’ involving other 
proteins by which the kinase is inhibited. Activation by Ca** 
might occur as the result of disruption of such a complex. The 
action of ATP and cyclic 3’,5’-AMP could also involve some 
modification of this complex. It is of interest that the acid 
precipitate fraction of rabbit muscle, which can be isolated 
containing all the phosphorylase 6 kinase in its inactive form, 
also contains large amounts of phosphorylase 6'° and most of the 
phosphorylase phosphatase (22) of muscle. This fraction 
exhibits all of the behavior of the original extract in relation to 
the various types of activation seen (illustrated only with Ca** 
in this paper). When the kinase of the fraction is activated by 
ATP and Mg**, with or without added cyclic 3’ ,5’-AMP, all 
the endogenous phosphorylase 6 in the fraction is converted to 
phosphorylase a. 

The phosphorylase 6 to @ reaction appears to be sensitive to 
a variety of possible control mechanisms including variation of 
oH, changes in Mg** or ATP concentrations (6), inhibition by 
Ca**, and perhaps most important, the activation and inactiva- 
tion of phosphorylase 6 kinase reported here. Experiments are 
being undertaken to determine the state of activity of the kinase 
in relation to muscle contraction. 


SUMMARY 


1. Phosphorylase 6 kinase can be extracted from rabbit muscle 
ina form which shows no activity at pH 7.0 or lower. 

2. The kinase which is inactive at pH 7.0 or below is activated 
by a short period of incubation with Ca** ions. This type of 
activation has not been found to be reversible. 

3. The inactive kinase is activated by preincubation with 
adenosine triphosphate in the presence of Mg** ions. This 
activation is enhanced in the presence of added adenosine 3’ ,5’- 
phosphoric acid. 

4. In the phosphorylase 5 to a reaction itself Ca** is a competi- 
tive inhibitor with respect to Mg**. 


*Such a complex could not be large in size, since the ‘pH 7- 
inactive’’ kinase remains in the supernatant solution after cen- 
trifugation of muscle extracts at 100,000 X g. 

’ Unpublished results in this laboratory. 
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It has been discovered by Aschaffenburg and Drewry (1) that 
two genetically different B-lactoglobulins occur in cow’s milk. 
The two modifications (called @-lactoglobulins A and B) have 
been studied by Ogston et al. (2, 3) and by Townend and Tima- 
sheff (4, 5), principally by means of sedimentation and electro- 
phoresis. The present paper reports on the isoionic points, the 
titration curves, the optical rotatory dispersion, and the ultra- 
violet light absorption. It is concluded from all of the available 
data that the difference between the two proteins is slight. It 
may be accounted for in terms of a difference in a single residue 
per polypeptide chain, t.e. the difference between 8-lactoglobulins 
A and B may well be similar to that between genetically different 
hemoglobins. 


EXPERIMENTAL 


The protein samples used in this study were kindly donated 
by Dr. S. N. Timasheff. They had been prepared from the 
milk of individual cows, and were similar to other samples used 
in the studies of Townend and Timasheff (4, 5). For compari- 
son, a sample of “normal” 8-lactoglobulin, crystallized from 
pooled milk, was purchased from Pentex, Inc. The latter sample 
is the same as used in other work with 8-lactoglobulin which has 
been in progress in this laboratory. Mr. R. Townend performed 
an electrophoretic analysis on this sample which indicated that 
it contained close to equal amounts of forms A and B. All three 
samples were dissolved in a dilute KC] solution and dialyzed to 
remove possible residual amounts of buffers which would have 
interfered with titration analysis. The amount of protein in 
the resulting stock solutions was determined by drying in air at 
107—108°, appropriate correction being made for the amount of 
KCI present. 

Solutions for measurement were obtained by volumetric 
dilution of the stock solutions, with the addition of standard 
HCl, KOH, and KCl to adjust the pH where necessary, and to 
bring the ionic strength to 0.150. All measurements were made 
at 25°. 

The procedure used for measurement of pH and the construc- 
tion of titration curves has been described previously (6). In 
the neutral pH range a continuous titration method was used, 
employing a jacketed vessel equipped with a calomel reference 
electrode which had a narrow U-bend at the tip, the latter being 
in direct contact with the solution.'. Beckman general purpose 
glass electrodes were employed, together with a Beckman model 
GS pH meter or a Radiometer TTTla autotitrator. 

Ultraviolet light absorption was determined with a Beckman 


* On leave of absence from the National Hygienic Laboratory, 
Tokyo, Japan. 

1 The use of electrodes of this type for continuous titration fol- 
lows the recommendation of Jacobsen et al. (7). 


Model DU spectrophotometer. For optical rotation measure. 
ments a Rudolph photoelectric spectropolarimeter with a mer. 
cury are as light source was used. 

The ion exchange column used for preparation of isoionie 
protein solutions has been described by Dintzis (S). 

The molecular weight of both forms of 3-lactoglobulin has 
been taken as 35,500. 

RESULTS 

Although @8-lactoglobulin is insoluble in salt-free water it js 
possible to prepare isoionic, salt-free solutions in the usual way 
by passing a dilute solution (0.25 g/100 ec) down an ion exchange 
column of the type designed by Dintzis (8S). The emerging 
solutions are supersaturated and crystals separate from them on 
However, their pH’s may be measured and the addi- 
tion of KC] to them at once stabilizes them. Isoionie pH values 
determined in this way are shown in Fig. 1. The isoionic pH of 
B-lactoglobulin A is seen to be lower than that of B by approxi- 
mately 0.10 pH unit. The effect of salt is the same for both. 

The maximum acid binding was determined next. This is 
the number of protons bound in going from the isoionic point 
to the acid end of the titration curve and is equal to the total 
number of cationic groups possessed by each protein molecule. 
Since the determination of titration data near the ends of a titra 
tion curve requires high protein concentrations, the dilute 
deionized solutions could not be used for this purpose. The 
dialyzed stock solutions were thus used directly, the calculation 
of maximum acid binding being based on the isoionic pH values 
given by Fig. 1.2 The results, given in Fig. 2, shown unequive 
cally that forms A and B have the same maximum acid binding 
capacity, and, hence, possess the same number of cationic groups 
per molecule. 

A difference in isoionic point between two proteins ordinarily 
implies that there is a difference in the relative number of cationic 
and anionic groups.’ Since the number of cationic groups is the 
same for A and B, the difference between them must lie in the 
number of anionic groups. The groups involved must, more- 
over, be groups which titrate, at least in part, between the 
isoionic point and the acid end of the curve, so that they may be 
identified as carboxyl groups. 

The difference in isoionic points is about 0.10 pH unit, and this 
corresponds, on the titration curves of all three of the protein 


standing. 


? Deionized solutions of normal 8-lactoglobulin have been ti- 
trated between pH 3.5 and 8.5. The resulting curves were identi- 
cal with those obtained for protein which had not been deionized. 
This is proof that deionization does not alter the protein (9). 

? It could also be ascribed to a difference in the pK’s of some 
groups, their number being the same in each protein. This is 4 
less likely situation, and this possibility is in any event eliminated 
in the present case by the data of Fig. 3. 
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e) 0.1 0.2 0.3 0.4 0.5 


Fie. 1. The effect of KCI on the isoionie point of 3-lactoglobu- 
lins Aand B. J represents ionic strength. 


samples, to the titration of 1.5 groups per molecule. Thus, at 
the isoionic pH of 8-lactoglobulin A (pH 5.165 at ionic strength 
0.15), where 40 earboxyl groups are necessarily ionized, 
iactoglobulin B has only 38.5 of these groups ionized, a further 
increase of 0.10 in pH being required to bring this number to 40. 
Since pH 5.2 corresponds closely to the pH at which 75°; of all 
carboxy! groups are ionized, these results strongly suggest that 
3-lactoglobulin B contains two carboxyl side chains fewer than 
does 3-lactoglobulin A. 

This conelusion is confirmed by the complete titration curve, 
the neutral region of which is shown in Fig. 3. The difference 
in groups titrated, which is barely detectable at pH 3 (Pig. 2), 
and, as we have said, equal to 1.5 at pH 5.2, increases to about 
2.0 as the titration of the carboxyl groups is completed. 

The conclusion that 8-lactoglobulins A and B differ by 2 in 
the number of carboxvl groups has been reached independently 
by Timasheff and Townend, on the basis of electrophoretic 
measurements.‘ 

The titration curves have not been extended more than a few 
tenths of a pH unit above the highest pH shown in Fig. 3 because 
an irreversible configuration change sets in at pH 9.7, and the 
techniques required to obtain meaningful data above that pH 
require more material than we had available. It is unlikely, 
however, that any appreciable difference would have been 
observed, for the fact that the total number of cationic groups is 
the same in A and B, coupled with the fact that the titration of 
imidazole and a-amino groups (Fig. 3) is the same in both, means 
that the sum of the eamino and guanidine groups is the same 
in both. The number of phenolic groups must also be the same 
for A and B, for all three samples show identical ultraviolet 
absorption: each one has a broad peak at 278 to 279 my with 
Even. = 9.4 (EYS,. = log Io/1 for a l-cem light path at a con- 
eentration of 1 ¢/100 ml).° 

Apart from the difference in the number of carboxyl groups, 
the properties of 8-lactoglobulins A and B appear to be strikingly 
similar. Ogston and Tombs (3) have found that thev are es- 


*S. N. Timasheff, personal communication. 

*Ogston and Tombs (3) have reported a small difference in 
ultraviolet absorption and a large difference in titration curves. 
= latter result is completely at variance with the result reported 

ere. 


C. Tanford and Y. Nozaki 


2875 


z 
= 


* BOUND PER MOLE OF ISOIONIC PROTEIN 


=x 
2 
\ 
| 
iN | 
3 i i 
1.5 2.0 2.5 3.0 


pH 
Fig. 2. The acid end of the titration curves of normal 8-lacto- 
globulin and of forms AandB. Zyisthe number of protons bound 
relative to the appropriate isoionic point. Protein concentration 
was about 3 ¢/100 ce in each case, and the ionic strength was 0.15. 
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Fic. 3. Titration curves in the neutral region. 
curve is for the normal protein (9). 


sentially identical in sedimentation coefficient and molecular 
weight. We have found in the present study similarities in three 
properties which are particularly sensitive to the intimate in- 
ternal structure of the molecule. : 

(a) The effect of KCI concentration on the isoionic point of a 
protein is a unique property of the protein. 8-Lactoglobulin is 
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TABLE I 


Specific rotation of B-lactoglobulins 
at pH 5.69 and ionic strength 0.16 


Physico-Chemical Comparison of 8-Lactoglobulins A and B 


Specific rotation, —[a] 


Wave length i 


“Normal” | A | B 

Mp | 

365 16.4 | 119.1 
405 83.0 82.6 84.8 
436 66.5 66.0 68.3 
492 48.6 47.5 49.2 
546 36.7 36.7 37.3 
578 32.1 32.3 32.5 


- 


the only globular protein known for which the isoionie pH de- 
creases sharply as KC] is added, a result which signifies that the 
protein has several sites with a relatively strong affinity for K+ 
ions. (Quantitative calculations will be presented elsewhere 
(9)). Fig. 1 shows that the effect of KCl is the same for forms 
A and B, so that the same kind of binding sites must be present 
on both molecules. Since these sites presumably result from 
fortunate juxtaposition of carboxy] groups on the surface, it may 
be concluded that the spatial configuration and general arrange- 
ment of ionic side chains must be similar in both proteins. 

(b) The steepening of the titration curve near pH 7.5, seen in 
Fig. 3, is also a unique property of 8-lactoglobulin (10). It is 
one of the manifestations of a configurational change which 
results in a refolding of part of the polypeptide chains and the 
release of two previously constrained carboxyl groups. Fig. 3 
shows that this steepening occurs in both forms, at essentially 
the same pH. Thus both forms undergo the same kind of con- 
figurational change, and both forms possess the same kind of 
constrained carboxy! groups. 

(c) Perhaps the most conclusive evidence for virtually identical 
structure is provided by the rotatory dispersion data of Table I. 
As is now well established (11-13), optical rotatory properties 
provide perhaps the most sensitive reflection of the individuality 
of the internal structure of globular proteins. No two proteins 
are alike in this respect, but the rotations of 6-lactoglobulins A 
and B at each wave length are seen to be all but identical.® 


DISCUSSION 


The results reported in this paper show that 8-lactoglobulins 
A and B possess identical titration curves, except for the single 
distinguishing feature that form A possesses two more carboxy] 
groups per molecule than form Bb. It is believed that the 6- 
lactoglobulin molecule consists of two identical polypeptide 
chains (14), so that the observed difference presumably represents 
a difference of just a single carboxy! group per polypeptide chain. 

Our results suggest, moreover, that this is the only difference 
between the two molecules. Almost any conceivable change in 


6 Schellman (12) has measured the specific rotation of normal 
B-lactoglobulin at several wave lengths, two of which, 436 and 
546 my, coincide with wave lengths used by us. By interpolation 
his figures yield for 25°, at these two wave lengths, [a] = —64.0° 
and —35.0°, respectively. These figures differ from those of 
Table I by more than the difference among the three columns of 
Table I, suggesting that the observed difference between A and 
B may be within experimental error. The protein concentration 
in the experiments of Table I was 0.7 g/100 ec, whereas Schellman 
used 5 g/100ec. The pH and ionic strength were almost identical. 


Vol. 234, No. 1] 


the number or sequence of amino acid residues would be expected 
to alter the specific folding of the polypeptide chains. This 
would be expected to lead to differences in optical rotatory prop- 
erties; to differences in the surface configuration, and, hence, jp 
the number and nature of specific ion binding sites; and to dif. 
ferences in the kind of configurational changes which the mole- 
cule can undergo and in the conditions under which such changes 
take place. No such differences were found. 

It may thus be tentatively concluded that 8-lactoglobulins 4 
and 5 differ in the same way as insulins A and B (15), lysozyme 
components (16), ribonuclease A and B (17), and normal and 
sickle cell hemoglobins (hemoglobins A and S) (18). The corre- 
spondence between the two hemoglobins and the two 8-lacto- 
globulins is especially striking. The differentiation is genetically 
controlled in both proteins (1, 19). Moreover, the major conse- 
quence of the chemical difference between the two hemoglobins 
is the fact that hemoglobin 5S aggregates in solution, whereas 
hemoglobin A does not do so. A similar difference exists between 
8-lactoglobulins A and B, the former, but not the latter, having 
a tendency to aggregate at pH 4.65 at low temperature (3, 5). 

Of course, certain differences between A and B are not ex- 
cluded by any of the experiments here reported. There could be 
substitution of arginine for lysine side chains, since only the sum 
of «amino and guanidine groups has been established as identical. 
There could also be substitution of one kind of hydrophobic side 
chain for another. The same kind of reservation applies, how- 
ever, to the published studies on hemoglobins A and 8, ribo- 
nuclease A and Bb, and so forth. Only a complete sequence 
determination can unequivocally establish the difference between 
the different forms in any protein. 

It should be noted, finally, that the observed effect of salt on 
the isoionic point of 8-lactoglobulin disagrees with the conclusion 
of Cannan et al. (20) that the isoionic point of this protein is 
independent of ionic strength. The explanation for this disa- 
greement is that Cannan et al. were unable to obtain truly isoionic 
protein because column deionization was a technique not avail- 
able to them. We have studied the titration of normal 8-lacto- 
globulin in great detail (9) and have obtained quantitative agree- 
ment with the results of Cannan et al., with the exception of the 
single difference here pointed out. The steepening at pH 7.5, 
for example, occurs in their curves as well as ours, although it 
was not identified by them with a configurational change. 


SUMMARY 


The two common genetically different forms of 8-lactoglobulin, 
called B-lactoglobulins A and B, have been examined by a variety 
of physical methods. The only difference between A and B 
which has been detected by any of these methods is a difference 
in the number of titratable carboxyl groups; form A has 2 more 
of these groups than form B. All other features of the titration 
curve were found to be identical in the two forms. Identical 
behavior was also found in three properties which are sensitive 
indicators of the internal arrangement of polypeptide chains and 
amino acid residues. These properties are: (a) the specific 
optical rotation and its dependence on wave length; (b) the 
binding of K* ions, as reflected in the effect of KCI on the isoionic 
pH; (c) the occurrence of a configurational change at pH 7.5, as 
reflected in a steepening of the titration curve at that pH. 
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The initial step in the induction of neoplasms by chemical 
agents is thought to involve the binding of the administered 
compound, or more probably a metabolite thereof, to cellular 
proteins (1, 2). In most instances, the identity of the bound 
compound as well as the mechanism of the binding reaction are 
unknown. In the case of the carcinogen N-2-fluorenylacetamide 
it has been shown that the metabolite, 2-amino-1-fluorenol (3), 
can be oxidized in vitro in the presence of cytochrome c by mito- 
chondria or soluble cytochrome oxidase to the indophenol, 2- 
amino-1 (4- 
6). This compound required the formation of the o-quinone 
imine, | ,2-fluorenoquinone-2-imine, as a transitory intermediate 
(5,6). It was also found that addition of bovine serum albumin 
prevented the formation of the indophenol although 2-amino-1- 
fluorenol disappeared from the oxidizing system (5). This 
indicated that the 1 ,2-fluorenoquinone-2-imine became bound 
to the albumin and suggested that this o-quinone imine was in 
fact that metabolite of N-2-fluorenylacetamide which was bound. 
Before accepting fully this conclusion it appeared desirable to 
examine more closely the interaction of o-quinone imines with 
proteins in model experiments. Although the reactions of 
quinones with proteins have been the subject of considerable 
study (7), no such information is available concerning protein 
interactions with quinone imines. This is probably due to the 
fact that quinone imines are in most cases unstable compounds 
which cannot be readily prepared in pure form. For the experi- 
ments to be reported here, we have synthesized several N-acyl 
quinone imines (quinone imides) which are reasonably stable. 
In the initial experiments, | ,2-naphthoquinone-1|-benzimide and 
1 ,2-naphthoquinone-l-acetimide were allowed to react with 
bovine serum albumin and qualitative evidence was obtained 
that these compounds combined with the albumin. After 1 ,2- 
fluorenoquinone-2-acetimide, the compound of particular interest 
to us, became available, it likewise was found to react with bovine 
serum albumin to form a stable protein complex. Use of this 
quinone imide, labeled with C" in the acetyl group, also permitted 
a study of the stoichiometry of the reaction. The analytical 
data obtained in these experiments indicated that each of the 
quinone imides reacted with the e-amino groups of lysine residues. 


* Supported by grants from the National Cancer Institute, 
United States Public Health Service (C-2571), and the Minnesota 
Division of the American Cancer Society. 


EXPERIMENTAL PROCEDURE 


Preparation of Unlabeled Compounds—1 ,2-Naphthoquinone-1- 
benzimide, m.p., 190-191°, ARI" 355 my (ay, 5,010) (8), and 
1 ,2-fluorenoquinone-2-acetimide, decomposition point, > 200°, 
ACHC!! 463 mu (ay, 2,510) (9), were prepared by published 
methods. 

1 ,2-Naphthoquinone-1-acetimide: V-(2-Hydroxy-1-naphthy)- 
acetamide (104 mg, 0.52 mmole), prepared by acetylation (10) 
of l-amino-2-naphthol hydrochloride, was suspended in 25 ml 
of dry benzene and the suspension was heated to boiling. Lead 
tetraacetate (assay 94%), 250 mg, was added in a single portion 
to the hot, stirred mixture; this resulted in the instantaneous 
appearance of a yellow color. Excess lead tetraacetate was 
destroyed after 10 minutes by addition of 1 drop of ethylene 
glycol and stirring was continued until the qualitative test for 
lead tetraacetate (potassium iodide-starch paper) was negative. 
The reaction mixture was filtered and the filtrate was extracted 
three times with 25 ml of distilled water. After the organic 
phase had been dried over anhydrous sodium sulfate, the solvent 
was removed under reduced pressure. The residual yellow oil 
crystallized when triturated with petroleum ether (30-60°) to 
yield 80 mg (77%) of NAI,' melting at 123-125°. The product 
was recrystallized from chloroform-petroleum ether (30-60°); 
m.p., 126°. 


Calculated: C 72.3, H 4.55, N 7.03 
Found: C 72.2, H 4.66, N 6.94 


The compound absorbed maximally at 355 my (solvent, chloro- 
form; ay, 4080). In 0.1 mM phosphate buffer, pH 8.0, which 
contained 20% dioxane, the absorption maximum was at 360 
my (ay, 3,830). The infrared spectrum of the compound was 
taken as a mull (Nujol) on a Beckman model IR-4 spectro- 
photometer and showed the following characteristics. There 
were no —NH— stretching vibrations in the 3 uw region; a strong 
carbonyl absorption, not present in N-(2-hydroxy-1-naphthy))- 
acetamide, was noted at 5.90 yw. Carbonyl absorption in this 
region has been observed with other o-quinone imides (9). The 
amide II band at 6.45 uw and two phenolic —OH— bands at 7.50 


‘The abbreviations used are: NAT, 1,2-naphthoquinone-1- 
acetimide; NBI, 1,2-naphthoquinone-1-benzimide; FAI, 1,2-fluo- 
renoquinone-2-acetimide. 
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and 7.80 uw, which were prominent in the amidophenol, had 
disappeared. 

Preparation of Labeled Compounds—Acetic anhydride-1-C"™: 
Anhydrous sodium acetate-1-C™ was prepared by the method 
of Ruben et al. (11) except that the carbonation reaction was 
carried out at — 10° instead of at room temperature. Anhydrous 
sodium acetate-1-C™, 208 mg (2.54 mmoles), with a specific 
activity of 1.37 x 10° ¢.p.m. per mg, was triturated with 170 
uliters of redistilled acetyl chloride (2.40 mmoles) and the mixture 
was allowed to stand in a closed vessel at room temperature for 
2 hours. The product was then vacuum distilled, the receiver 
being cooled in a Dry Ice-acetone bath; yield, 186 mg of acetic 
anhydride-1-C™ (76%); b.p., 137° at atmospheric pressure. 
For use in the subsequent experiments, the acetic anhydride-1- 
C' was diluted with unlabeled acetic anhydride to give a product 
with a specifie activity of 6.55 K 10° ¢.p.m. per mg. The prep- 
aration of small quantities of acetic anhydride-1-C™ by this 
procedure was found to be more satisfactory than by published 
methods (11, 12). 

1-Amino-2-naph- 
thol hydrochloride, 250 mg (1.27 mmoles), was acetylated with 
acetic anhydride-1-C“. The product, m.p., 230-33°, was 
recrystallized from dilute ethanol; yield, 118 mg (46%) of N-(2- 
m.p., 235-36°, with a 
specific activity of 1.49 10° ¢.p.m. per mg. 

| N-(2-Hydroxy-1- 
naphthylacetamide-1-C™, which had been diluted with carrier 
was oxidized the 
product was isolated from the reaction mixture as described 
above for the preparation of NAIL. The crude product was 
recrystallized from chloroform-petroleum ether (30-60°); m.p., 
126°; specific activity 4.08 & 10‘ ¢.p.m. per mg. 

1-Hydroxy-2- 
aminofluorene hydrochloride, 250 mg (1.07 mmoles), was acetyl- 
ated with acetic anhydride-1-C™. The product, m.p., 207—-209°, 
was recrystallized from dilute ethanol; yield, 162 mg (64%) of 
melting at 210-212°; 
specific activity, 1.37 * 10° ¢.p.m. per mg. 

| N-(1-Hydroxy-2- 
fluorenyl)acetamide-1-C™, 58.3 mg (0.24 mmole), was oxidized 
with lead tetraacetate and the product was isolated from the 
reaction mixture as described previously (9). The crude product 
was recrystallized from chloroform-petroleum ether (30-60%), 
the yield being 31.6 mg (55%) of 1,2-fluorenoquinone-2-aceti- 
mide-1’-C™ with ASHE’ 463 my (ay, 2,510). The specific 
activity of the product was 1.40 10° ¢.p.m. per mg. 

Protein Preparations—Crystalline bovine serum albumin (lot 
number 1462) was purchased from the Nutritional Biochemicals 
Corporation. Our analyses indicated that this preparation 
contained 15.6% of nitrogen, 1.28% of amino nitrogen, and 0.49 
mole equivalent of sulfhydryl per mole (65,000 g). These 
analyses are corrected for a moisture content of 9.40%, deter- 
mined by drying a sample of the protein in a vacuum at 100° 
to constant weight. Crystalline lysozyme and crystalline oval- 
bumin were obtained from Armour and Company and crystalline 
ribonuclease was purchased from Nutritional Biochemicals. The 
following molecular weights were used in all computations: for 
bovine serum albumin, 65,000 (13); for lysozyme, 14,600 (14); 
for ovalbumin, 45,000 (14); and for ribonuclease, 14,000 (15). 
Bovine serum albumin was acetylated by the method of Fraenkel- 
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Conrat et al. (16), with use of 1.2 ml of acetic anhydride for each 
gram of protein. The acetic anhydride was added during 1 
hour. Analysis of the acetylated derivative showed 15.7% of 
nitrogen, 0.28% of amino nitrogen, and 0.03 mole equivalent of 
sulfhydryl per mole of protein, after the data had been corrected 
for a moisture content of 6.6%. Bovine serum albumin was 
treated with p-chloromercuribenzoate according to the directions 
of Boyer (17). The reaction mixture was then dialyzed against 
running distilled water for 48 hours and the protein was isolated 
by lyophilization. After correction for a moisture content of 
9.3% this preparation contained 15.7% of nitrogen, 1.32% of 
amino nitrogen, and no free sulfhydryl groups. 

Analytical Methods—The visible and ultraviolet spectra were 
recorded with a Beckman model DR spectrophotometer. Total 
nitrogen was determined by the micro-Kjeldahl method (18). 
Amino nitrogen was determined manometrically (19) and anal- 
yses for sulfhydryl groups were performed by amperometric 
titration (20). Radioactive carbon was assayed according to 
the micro method previously described (21). N-Terminal anal- 
yses were carried out with the use of the paper strip modification 
of the phenylthiocarbamyl method (22). 

Stability of o-Quinone Imides—The properties of o-quinone 
imides required that the experiments to be described be per- 
formed in the presence of a suitable organic solvent. The 
stability of NBI as a test compound was determined in several 
solvents or solvent pairs. In ethanol, the compound interacted 
with the solvent as shown by the isolation of an adduct contain- 
ing the ethoxy group. Fifty mg of NBI were dissolved in 95% 
ethanol, whereupon the yellow color of the solution gradually 
faded and the absorption maximum of NBI at 360 my was 
replaced by a new maximum at 320 my. After the solution 
stood at room temperature for 4 days, the solvent was removed 
under reduced pressure at 40°. The residue (59 mg; 100% 
yield) was crystallized from dilute ethanol, yielding material 
melting at 160—-161°, AES" 320 my (ay, 6,460). 


NOs 


Caleulated: C 74.2, H 5.58 
Found: C 74.0, H 5.54 


The compound was designated here as N-(x-ethoxy-2-hydroxy- 
1-naphthyl)benzamide; the addition of the ethoxy group occurred 
most probably at carbon atom 4 of the naphthalene ring system. 

The most suitable solvent proved to be a mixture of purified 
dioxane (23) and0.1 mM phosphate buffer (2:8, volume for volume). 
The stability of NBI in this solvent system, as measured by the 
decrease in the absorbancy at 360 my, decreased only slightly 
with increasing pH (Fig. 3). The first order velocity constant 
for the hydrolysis of NBI in this solvent at a final pH of 8.3 
and at 25° was 4.02 K 10-' min~'. These conditions of pH and 
temperature were used in most of the experiments. FAI which 
is stable in dioxane for several hours decomposed rapidly in the 
above solvent to yield a colorless solution. However, it will be 
shown below that the reaction of FAI with bovine serum albumin 
competed effectively with the decomposition reaction. 

Reaction Conditions—All reactions were carried out at room 
temperature. The quantities of bovine serum albumin specified 
in the appropriate figures or tables were dissolved in suitable 
volumes of 0.1 M phosphate buffer. A solution of the quinone 
imide in dioxane was then added dropwise with stirring to the 
protein solution. The final concentration of dioxane was 20% 
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Fic. 1. Reaction of NBI with bovine serum albumin in equi- 
molar amounts. Curve 1, spectrum of a solution containing 0.19 
umole of NBI in 2.5 ml of standard solvent, pH 8.3. Curve 2, 0.19 
pmole of NBI in 25 ywliters of dioxane was added to 0.19 umole of 
albumin in 2.5 ml of standard solvent, pH 8.3; the spectrum was 
taken 15 minutes after the addition, with an equimolar solution 
of albumin as a reference. 
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Fic. 2. Spectrum of a lyophilized preparation (6.0 mg per ml 
in 0.1 m phosphate buffer, pH 8.0, taken with an equimolar solu- 
tion of bovine serum albumin as a reference) obtained after allow- 
ing NBI to react with albumin at a molar ratio of 2 as described 


in the text: Amax 465 mu; A}Zn, 0.25. 


except in the experiments in which large molar ratios of quinone 
imide to protein were employed. In the latter experiments, the 
concentration of dioxane was increased to 40% in order to prevent 
precipitation of the quinone imide. The reaction mixtures were 
allowed to stand for 0.5 hour and then dialyzed at 4° in a rocking 
dialyzer against running 20% dioxane for 48 hours followed by 
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further dialysis against running distilled water for 48 hours, 
When desired, the modified proteins were obtained as solids by 
lyophilization of the dialyzed solutions. 


RESULTS 


Reaction of NBI with Bovine Serum Albumin—Evidence that 
NBI reacted with the albumin was suggested (Fig. 1) by the 
disappearance of the NBI absorption peak at 360 my and the 
concomitant appearance of an absorption maximum at 315 my 
when an equimolar amount of the quinone imide was added to 
the bovine albumin solution. When the molar ratio of NBI to 
protein was 2, an absorption peak at 465 my (in addition to a 
shoulder at 325 mu) was observed. This peak persisted upon 
prolonged dialysis (Fig. 2) and therefore indicated formation of 
a modified protein in which the quinone imide was bound in a 
covalent linkage. The absorption at 465 my was considered to 
be the result of the oxidation of the bound moiety of the modified 
protein by excess quinone imide. Oxidation of adducts of 
quinones with protein (7, 24), amino acids (25), and primary 
amines (26) by excess quinone has been described. 

As judged from the disappearance of the absorbancy of NBI 
at 360 my, the rate of interaction of NBI with bovine serum 
albumin was dependent upon pH, the rate increasing with in- 
creasing pH (Fig. 3). Reaction of the hydrolysis product of 
NBI, 1,2-naphthoquinone, with the protein in these experiments 
would appear to be ruled out by the control measurements per- 
formed at pH 8.3. The controls showed that formation of the 
quinone during the initial three minutes, at which time the reac- 
tion of NBI with the albumin had virtually been completed, did 
not exceed 1.5% of the quinone imide initially present. The 
data obtained at pH 6.1 suggested that two different groups of 
the protein reacted with NBI, since an initial rapid reaction 
involving approximately 20% of the quinone imide was followed 
by an appreciable decrease of the rate during the remainder of 
the experiment. 

A clue as to the groups of bovine serum albumin which reacted 
with NBI was obtained by experiments with acetylated albumin 
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Fic. 3. Effect of pH on the rate of the reaction of NBI with 
bovine serum albumin. NBI was added to albumin in the stand- 
ard solvent at a molar ratio of 1 and the rate of disappearance of 
the absorbancy at 360 my was recorded. Control (——): NBI in 
standard solvent, with the standard solvent as a reference. Ex- 
perimental (——-—): reaction mixtures containing NBI and albu- 
min. An equimolar solution of bovine serum albumin in the 
standard solvent was used as the reference. Final pH (glass 
electrode): 6.1, @; 7.3, O;8.3, 4. 
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Fic. 4. The rate of the reaction of NBI with bovine serum albu- 
min (Curve 1), acetylated bovine serum albumin (Curve 2), and 
p-chloromercuribenzoate-treated bovine serum albumin (Curve 3). 
The reaction was carried out in the standard solvent (final pH 
7.3) at a molar ratio of NBI to protein of 1. The rate of the re- 
action was measured by following the disappearance of the ab- 
sorbancy at 360 my. Reference solutions contained the appro- 
priate proteins in the standard solvent. 


and with p-chloromercuribenzoate-treated albumin (Fig. 4). 
NBI did not react with acetylated protein, whereas the rate of 
the reaction with p-chloromercuribenzoate-treated albumin was 
only slightly decreased. These experiments proved that NBI 
had interacted with amino groups and raised the possibility that 
NBI had reacted with the \V-terminal group, since the reaction 
of quinones with N-terminal amino groups is supposedly more 
facile than reaction with the ¢-amino group of lysine (7). ‘- 
Terminal analysis of the modified protein, prepared by interac- 
tion of NBI with bovine serum albumin at a molar ratio of 2, 
revealed the presence of the phenylthiohydantoin of aspartic 
acid (Table 1). Aspartic acid is the V-terminal amino acid of 
bovine serum albumin. These data indicated that NBI did not 
react with the N-terminal group under the conditions of the 
experiments depicted in Fig. 4. The possibility that the bound 
quinone imide was cleaved from the modified protein during the 
analysis, which would involve rupture of a carbon-nitrogen bond, 


I 
N-Terminal analysis of bovine serum albumin after reaction with 
1, 2-naphthoquinone-! -benzimide 
The modified protein was obtained as a lyophilized powder 
after reacting NBI with albumin at a molar ratio of 2, as de- 
scribed in the text. 


Modified bovine 


serum albumin 


0.7 (2) 
0.67 


mole of protein. .. 0.9 (5)* 
Ry of phenylthiohydantoint 0.66 


iain of end groups per | 


* The number in parentheses is the number of determinations 
made. 

t Solvent system: n-butanol-n-heptane-formic acid = 40:40:2.0 
Ry» of the phenylthiohydantoin of aspartic acid = 0.66. 
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did not appear likely considering the mild hydrolytic conditions 
of the method (22). The decreased rate of the reaction of NBI 
with p-chloromercuribenzoate-treated albumin indicated that 
the quinone imide also reacted with the sulfhydryl group. It 
appears probable that this reaction was an oxidation-reduction 
rather than an addition reaction, since V-(2-hydroxy-1l-naphthyl) 
benzamide, was isolated from reaction mixtures of NBI with 
cysteine. The yields of isolated product, m.p., 259-262°, with 
no depression of the melting point upon the admixture with an 
authentic sample, ranged from 50 to 100%, depending upon the 
method of isolation. 

Reaction of NBI with other Crystalline Proteins—NBI was also 
allowed to react with crystalline ovalbumin, ribonuclease, and 
lysozyme under the conditions described in Fig. 1. The spectral 
changes in these reactions were virtually identical with those 
described in Fig. 1 for the reaction of NBI with bovine serum 
albumin, 7.e. the disappearance of the NBI peak at 360 my 
coincided with the appearance of an absorption maximum at 
315 to 320 mu. 

Reaction of NAI with Bovine Serum Albumin—Under the 
experimental conditions of Fig. 1, the spectral changes noted upon 
addition of NAI to the albumin were identical with those ob- 
served with NBI. The availability of C-labeled NAI enabled 
us to check the binding of NAI with radioactive tracer methods. 
The specific radioactivities of proteins obtained by reaction of 
C-labeled NAI with bovine serum albumin at mole ratios 
ranging from 10 to 200 are shown in Table II. Even at a mole 
ratio of 200, the protein appeared not to have been saturated 
with C™-labeled NAI; a quantity of C™ equivalent to only 2.5 
moles of quinone imide was incorporated per mole of albumin. 
While the radioactivity experiments confirmed qualitatively the 
spectrophotometric data, the low degree of binding of the radio- 


Tasie Il 
Binding of radioactivity of C'*-labeled 1,2-naphthoquinone-! -acet- 
imide (NAI-C"*) to bovine serum albumin 

Albumin, 0.5 smole, was dissolved in 4.5 ml of 0.1 m phosphate 
buffer, pH 8.0, and 5 to 100 wmoles of NAI-C"* (8,150 ¢.p.m. per 
umole) in 3.0 ml of dioxane were added dropwise with stirring. 
After standing for 5 hours at room temperature, each mixture was 
extracted with 3 ml of chloroform and the proteins were precipi- 
tated from the aqueous phase by the addition of 1 ml of 40% tri- 
chloroacetic acid. After standing overnight at 4°, the proteins 
were collected by centrifugation, washed with 5% trichloroacetic 
acid and then homogenized in 5 ml of acetone. After addition of 
5 ml of ether, the homogenates were centrifuged and the proteins 
washed twice with acetone and once with ether. The proteins 
were then extracted continuously with acetone, chloroform, and 
ether in succession, until the specific radioactivity was constant. 


Moles NAI-C™ | Final specific radioactivity of 
Moles albumin modified protein® 
10 26 
25 | 46 
50 60 
75 | 90 
100 136 
130 193 
150 | 220 
200 | 306 


* The final specific radioactivity is expressed in c.p.m. per mg 
of protein. 


| 
| 
| | 
| 
| 
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Tasie III 
Binding of radioactivity of C'4-labeled 1,2-fluorenoquinone-1-acet- OF 2 GO 
imide to bovine serum albumin © Pa 
The labeled compound, 12.4 wmoles, in 1 ml of dioxane was c 5+ LS 1 450 oe 
added dropwise to a solution of 1 wmole of albumin in 4 ml of 0.1 oO ry, 
mM phosphate buffer, pH 8.0. After standing at room temperature -_ g > 
for 10 minutes, 1 ml of 30% trichloroacetic acid was added. After = 4h 440 &é 
centrifugation, the proteins were homogenized in acetone and >? nea 
then washed with acetone and ether. The acetone powders were 2 
dried at room temperature in a vacuum over phosphoric anhy- — 3Fr c 
dride. 
Specific radioactivity 420 
of isolated proteint oO a 
Compound® added to protein solution 
x 
(a) (b) > 1 4 - 10 
1,2-Fluorenoquinone-2-acetimide 2,500 2,300 
N-(1-Hydroxy-2-fluorenyl )acetamide-1-C™ 4 4 4 
100 200 300 400 500 


* The specific activity of each of the compounds was 33,000 
c.p.m. per umole. 

+t The specific radioactivity of the isolated proteins is expressed 
in ¢.p.m. per mg. Column (a) lists the specific radioactivity of 
the acetone powder; column (6) lists the specific radioactivity of 
the acetone powder after solution in 1% sodium bicarbonate and 
reprecipitation with acetone. 


activity of C-labeled NAI made it questionable whether the 
correct stoichiometry of the binding reaction could be deter- 
mined with acetyl labeled NAI. Possible explanations for this 
will be discussed below. 

Reaction of FAI with Bovine Serum Albumin—On account of 
the instability of FAI in aqueous media mentioned above, the 
binding to albumin was studied by means of C™-labeled FAT, 
Since the C™ was located in the acetyl group, any labeling of the 
protein was referable to the addition of FAI only. Preliminary 
experiments showed that when 12.4 wmoles of C-labeled FAI 
were added to 1.0 umole of albumin, a quantity of C'™ equivalent 
to 4.5 umoles of FAI were bound (Table IID). In contrast, 
addition of N-(1-hydroxy-2-fluorenyl)acetamide-1-C™ to bovine 
serum albumin under identical conditions did not result in label- 
ing of the protein. 

The stoichiometry of the binding of C-labeled FAT was next 
examined, with use of molar ratios of FAI to albumin ranging 
from 50 to 500; the results are shown in Fig. 5. Saturation of 
the binding sites was attained at a molar ratio of approximately 
400 which corresponded to the binding of 60 moles of the quinone 
imide per mole of protein. Since the previous experiments had 
implicated the €-amino group of lysine in the binding reaction, 
the amino group content of dialyzed protein preparations result- 
ing from the interaction of FAI with bovine serum albumin was 
determined (Table IV). The data showed a progressive loss 
of free amino groups with increasing mole ratios of FAI to 
albumin. 

In the course of the binding experiments it was observed that 
the red color of the modified proteins became more intense as the 
molar ratios of FAI to albumin were increased. This observa- 
tion supported the view that the labeling of the albumin was the 
result of the addition of the quinone imide to the protein and 
not due to a transacetylation reaction. The characteristic 
absorption spectrum of the modified proteins is shown in Fig. 6. 


[FAI] 
(BSA) Added 


Fic. 5. Stoichiometry of the reaction of C-labeled FAI 
(FAI-C'*) with bovine serum albumin (BSA). 

Five to 50 umoles of FAI-C* (7,400 ¢.p.m. per wmole) in 3 ml of 
dioxane were added dropwise with stirring to a solution of 0.1 
umole of albumin in 4.5 ml of 0.1 mM phosphate buffer, pH 8.0. After 
the mixture stood at room temperature for 20 minutes, 1 ml of 
70°, trichloroacetic acid was added with shaking. After standing 
at 4° overnight, the proteins were collected by centrifugation, 
washed with 5 ml of 5°, trichloroacetic acid and then homogenized 
in 2 ml of acetone. (In the experiments with the higher mole 
ratios of quinone imide to albumin, the modified proteins dissolved 
in acetone at this point. They were precipitated with ether, col- 
lected, and washed as described below. After ether precipitation, 
the proteins were no longer soluble in acetone.) Ten ml of ether 
were added and, after standing for 15 minutes, the proteins were 
collected by centrifugation and washed with acetone and ether. 
The proteins were then extracted continuously with acetone, 
chloroform, and ether in succession until the specific radioactivity 
was constant. The number of moles of FAI-C'™ bound per mole 
of albumin was corrected for the weight of FAI-C'™ per mg of 
modified protein. 


Tasie IV 


Content of amino groups of bovine serum albumin after reaction 
with 1,2-fluorenoquinone-2-acetimide 

Albumin (0.4 gmole) was dissolved in 7.5 ml of 0.1 M phosphate 
buffer, pH 8.0, and 20 to 200 wmoles of FAI were added dropwise 
with stirring. After standing at room temperature for 0.5 hour, 
the dark red mixtures were dialyzed as described under ‘“Meth- 
ods.”’ Amino nitrogen and total nitrogen were determined on 
suitable aliquots of the dialyzed solutions as described under 
“Methods.” 


| 
0 | 65,000 | 1.38 | 58 
wD 6S, 100 0.92 46 
140 72,400 0.67 35 
240 75,800 0.56 30 
500 79, 200 0.45 25 


* The molecular weights of the modified proteins were esti- 
mated from the data of Fig. 5 on the basis of the number of moles 
of FAI bound per mole of albumin. 


t 
I 
\ 
| 


November 1959 


1.00F 


200 210 280. 300 325 350 400 450 500 000 100 1000 
Wavelength - mu 


Fic. 6. Spectrum of a lyophilized preparation (protein concen- 
tration: 350 to 1000 my, 6.0 mg per ml; 260 to 350 my, 0.3 mg per 
ml; solvent: 0.1 M phosphate buffer, pH 8.0) obtained after allow- 
ing FAI to react with bovine serum albumin at a molar ratio of 
10 as deseribed in the text; Amax 475 my; 279 my; Afem, 0.66; 24.7, 
(Curve 1). Speetrum of an equimolar solution of albumin; Amax 
279 my; Alem, 6.1, (Curve 2). 


DISCUSSION 


o-Quinone imides have been recognized to undergo principally 
1 4-addition reactions with a variety of nucleophilic reagents; 
1 .2-additions accompanied by climination of the imido group as 
the corresponding amide are also possible (27). In the case of 
NBI or NAIL 1,4-addition followed by oxidation would result in 
a structure in which the position para to the imido group would 
be occupied by the interacting amino acid residue of bovine 
serum albumin (presumably the e-amino group of lysine) with 
no change in the structure of the bound moiety. 1, 2-addition 
would involve attachment of the reacting amino acid residue 
of bovine serum albumin at carbon atom 1 of the naphthalene 
ring system with elimination of the imido group, and, in the 
case of acetyl-labeled NAI, with consequent loss of label. It 
would appear from the results with NAI that 1 ,4-addition oe- 
curred to some extent, since the modified proteins were shown 
to be labeled. However, the low degree of labeling noted above 
suggests that 1 ,2-addition (with loss of label) was the predomi- 
nant mode of addition. 

On the other hand, the greater extent of labeling found upon 
reaction of bovine serum albumin with acetyl-labeled FAI 
indicates a predominance of 1 ,4-addition as outlined in Fig. 7. 
After addition, the bound amidofluorenol is oxidized by excess 
FAI to one of the two possible tautomers shown, yielding the 
colored modified protein. The amino nitrogen analyses of 
bovine serum albumin modified by reaction with FAI indicated 
that at low mole ratios of FAI to protein the quinone imide com- 
bined principally with the e-amino group of lysine. Thus, at 
mole ratios of 50 and 140, 13 and 31 moles of FAI, respectively, 
were bound to albumin; and under similar conditions, 12 and 23 
moles of the available amino groups, respectively, had disap- 
peared. At the higher mole ratios of 240 and 400 the disappear- 
ance of amino groups did not account for the total binding of 
FAI and it would appear that, in addition to lysine, other as yet 
undetermined amino acid residues combined with FAL. 


C. C. Irving and H. R. Gutmann 
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Fic. 7. Reaction of bovine serum albumin (BSA) with acetyl- 


labeled FAL. 


The current experiments, together with previous data on the 
metabolism of the carcinogen \-2-fluorenylacetamide (5, 28, 29), 
give further support to the previously proposed mechanism of 
protein binding (5) in which the o-quinone imine, | ,2-fluoreno- 
quinone-2-imine, was designated as the compound which reacted 
with cellular proteins. 


sUMMARY 
.2-naphthoquinone-l-acetimide, 1 ,2- 


| ,2-fluorenoquinone- 


1. The synthesis of 
and 
2-acetimide-1’-C™ has been deseribed. 

2. The covalent binding of o-quinone imides by crystalline 
bovine serum albumin has been demonstrated with the use of 
1 ,2-naphthoquinone-1l-benzimide, 1 ,2-naphthoquinone-|-aceti- 
mide, and | ,2-fluorenoquinone-2-acetimide as model compounds. 

3. The protein binding of the o-quinone imides was shown 
to involve participation of the e¢-amino group of lysine. Data 
on the stoichiometry of the binding of 1 ,2-fluorenoquinone-2- 
acetimide to crystalline bovine serum albumin, together with 
amino nitrogen analyses of the modified proteins, also implicated 
other, as yet undetermined, amino acid residues. 

4. Mechanisms for the binding of o-quinone imides to proteins 


have been discussed. 
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Previous studies with synthetic substrates have demonstrated 
that the specificity of partially purified beef spleen cathepsin B is 
primarily directed toward the hydrolysis or transpeptidation of 
amide (or ester) bonds of a-N-acylated lysine or arginine (2, 3). 
In this respect cathepsin B is similar to trypsin. Cathepsin B 
differs from trypsin in that the intracellular enzyme is active at 
an acid pH, requires “SH” activators, and is inhibited by the 
usual “SH” inhibitors. It is not inactivated by soy bean in- 
hibitor. 

The conversion of trypsinogen to trypsin by trypsin is known 
to be initiated by the cleavage of Val.(Asp),. Lys. from the N- 
terminal portion of trypsinogen (4-S). The similarity of 
cathepsin B and trypsin in their specificity toward synthetic 
substrates made it of interest to observe if cathepsin B might 
activate trypsinogen especially since the acid pH at which 
cathepsin B is active would be favorable in preventing the auto- 
digestion of any trypsin formed. Information would also be 
provided concerning the specificity of cathepsin B toward pro- 
teins and its possible usefulness as an analytical reagent from 
the study of amino acid sequences in proteins. 

Evidence is presented in the following report that partially 
purified beef spleen cathepsin B activates trypsinogen to a 
trypsin-like product. The inactivation of trypsin by the enzyme 
preparation is also reported. 


EXPERIMENTAL 


Materials 


Beef spleen cathepsin B (150- to 200-fold purified) was pre- 
pared and assayed against BAA‘ as previously described (2). 
The preparations used had specific activities ranging from 4 to 7. 
Trypsinogen was obtained as a once crystallized product from 
the Worthington Biochemical Corporation. Batches of 5¢ con- 
taining approximately 50°, MgSO, were precipitated with tri- 
chloroacetic acid and fractionated with NH SO, as described by 
Northrop et al. (9). Centrifugation was substituted for filtra- 
tion during this procedure. The final product was dialyzed 


* This work was supported in part by a research grant (A-1552) 
from the National Institutes of Arthritic and Metabolic Diseases, 
United States Public Health Service. A preliminary report of 
this material was presented previously (1). 
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‘The abbreviations used are: BAA, benzoyl-t-argininamide; 
BAE, benzoyl-t-arginine ethyl ester; DFP, diisopropyl phosphoro- 
fluoridate; IAA, iodoacetic acid; Tris, tris(hydroxymethyl)- 
aminomethane. 


against 6 liters of 0.001 ~ HC! in the cold for 24 hours with one 
change of acid. The protein content of this dialyzed material 
was determined (see “Methods’’) and the solution treated with 
DFP by the “small batch” procedure of Tietze (10). For each 
200 mg of trypsinogen 0.04 ml of pure DFP (Merck and Com- 
pany) was used. After dialysis the final product was lyophilized 
and stored as a powder or taken up in 0.001 N HC! and frozen. 
The trypsin content of these preparations varied from 0.2 to 
0.001%, and the degree of activation of the trypsinogen by 
trypsin ranged from 93 to essentially 100%. Trypsin was a 
twice crystallized product containing approximately 50% MgSO, 
as obtained from the Worthington Biochemical Corporation. 
The protein was dissolved in 0.01 ~ HCl and dialyzed for 48 
hours in the cold against 6 liters of 0.001 n HCl with two changes 
of dialyzing medium. The final solution was stored in several 
test tubes in the frozen state and used upon thawing. Soy 
bean trypsin inhibitor (5 times crystallized) was obtained from 
the Worthington Biochemical Corporation. Benzoyl-L-arginine 
ethyl ester hydrochloride was a product of the Mann Research 
Laboratories. Benzoyl-t-arginine amide was prepared by the 
procedure of Bergmann et al. (11). 


Methods 


Protein concentration of trypsinogen and trypsin was de- 
termined by measuring the absorbance at 280 mu in a Beckman 
DU spectrophotometer. The extinction coefficient E{%, = 13.9 
was used for trypsinogen and 14.4 for trypsin (5). 

Trypsin activity was determined by a slight modification of 
the procedure of Schwert and Takenaka (12), with the rate of 
increase in absorbance at 253 my occurring during the hydrolysis 
of benzoy|-L-arginine ethy| ester as a measure of enzyme activity. 
A Beckman model DU spectrophotometer equipped with a 
photomultiplier and a circulating water jacket to maintain the 
cell chamber at 25° was used to follow the reaction. An aliquot 
of 0.025 ml of the solution to be assaved was added to a 1.0 ml 
solution of 0.0005 Mm BAE in 0.1 m Tris buffer, pH 7.0, with 0.02 
mM CaCl, contained in a 1.5-ml cuvette. The cuvette was in- 
verted a number of times with the use of Parafilm as a cover 
and readings were taken every 15 or 30 seconds for 3 minutes. 
A unit of trypsin activity per ml of the incubation mixture is 
defined as that activity contained in an aliquot of 0.025 ml of 
the incubation mixture which caused an increase in absorbancy 
of 0.001 per minute when assayed under the above conditions. 
With the use of this procedure with standard trypsin solutions 
it was found that an aliquot of 0.025 ml of a solution containing 
0.001 mg per ml of crystalline trypsin caused an increase in 
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absorbance of about 0.001 per minute. The assay was linear 
with the use of amounts of trypsin which caused changes in 
absorbance up to 0.250 per minute. In the experiments re- 
ported, dilutions of samples of the incubation mixtures in cold 
0.001 n HC] were made so that the final aliquot of 0.025 ml would 
assay in the range of 0.020 to 0.100 optical density units per 
minute. Control experiments demonstrated that trypsinogen 
when present had no appreciable effect on the trypsin assay in 
concentrations used in the experiments. Cathepsin B has no 
activity towards BAE at pH 7.0 and consequently the presence 
of this enzyme in the incubation mixtures had no effect on the 
trypsin assay. 

Ninhydrin determinations were carried out according to the 
method of Moore and Stein (13) with a final volume of 7.0 ml 
and a 15-minute boiling period. 

A Radiometer pH meter model TTT1 was used for all pH 
determinations. 

RESULTS 

Actwation of Trypsinogen by Cathepsin B—When trypsinogen 
is incubated with cathepsin B under the conditions described in 
the legend to Fig. 1, there is an initial increase in trypsin-like 
activity (as measured by the BAE assay) with time (Fig. 1). In 
the absence of enzyme or in the presence of boiled enzyme no 
activation occurs. When cysteine is omitted from the incuba- 
tion mixture negligible activation occurs (see below). 

Control experiments have demonstrated that trypsin does not 
catalyze the activation of trypsinogen under the conditions 
employed, nor at any time did the activation curve indicate 
autocatalysis. 

Under the conditions that activation of trypsinogen by ca- 
thepsin B proceeds, 60°; of the possible activation of trypsinogen 
is attained in 90 minutes. The curve levels off at this point and 
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Fic. 1. Activation of trypsinogen by cathepsin B (@——®). 
Approximately 6 mg of trypsinogen, equal to 6300 units of trypsin 
when fully activated by trypsin, and 3 units ({C.U.]®44) of cathep- 
sin B (0.071 mg of protein) were incubated in 0.04 m sodium acetate 
buffer (pH 3.8), containing 0.04 m cysteine and 0.10 Mm CaCl, at 
30°, final pH 3.6. Aliquots of 0.05 ml were removed at various 
time intervals, diluted, and assayed for activity towards BAE as 
described in ‘‘Methods.’’ 

—-—-—represents the theoretical curve derived from the equation 
for two consecutive first order reactions in which trypsin is the 
intermediate product (see text for details). 


Cathepsin B Activation of Trypsinogen 
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begins to fall. Addition of fresh enzyme or cysteine, or both, at 
120 minutes produced no further increase in activity. Addition 
of 6 mg of trypsinogen alone at 120 minutes produced an increase 
in activity in 20 minutes about two-thirds that obtained from 0 
to 20 minutes at the initial part of the experiments. These re. 
sults demonstrated that trypsinogen but not cathepsin I had be- 
come limiting after 120 minutes of the reaction although some 
loss in cathepsin activity had occurred during this time. 

Trypsinogen, after standing 180 minutes at pH 3.6 under the 
conditions of the experiment, but in the absence of cathepsin B, 
could be fully activated by trypsin when brought to alkaline pH. 
Trypsin controls in concentrations of 5 mg per ml lost about 
5% activity in 1 hour in the absence of cathepsin B. 

Since the activation of trypsinogen by cathepsin B apparently 
produced only 60°, of the activity that can be obtained by 
tryptic activation of the zymogen, the possibility presented 
itself that the activity measured was a resultant of activation 
and inactivation. To investigate this possibility, a study of 
the stoichiometry of the reaction was carried out correlating at 
any one time during the reaction the amount of activity pro- 
duced by cathepsin B and the amount of trypsinogen that had 
disappeared. 

Trypsinogen was activated by cathepsin B under the condi- 
tions described in Table 1. At the intervals noted, samples 
were withdrawn and activity towards BAF determined (Column 
A). A second sample was withdrawn at cach interval and 
treated with trypsin at alkaline pH as described in Table L 
After 6 hours in the cold (a time found to convert all of the 
trypsinogen to trypsin in control experiments) activity towards 
BAE was determined (Column B). The latter values represent 
the activity produced by cathepsin B at acid pH plus the aec- 
tivity obtained by trypsin activation at pH 8.0 of the trypsinogen 
which had not been activated by cathepsin B (cathepsin B has 
no activity at pH 8.0). Column C, which is the difference of 
Column B and Column A, thus gives the amount of zymogen at 
each interval which had not been activated by cathepsin B. 
Column D gives the amount of zymogen that had disappeared 
with time. 

A comparison of Column A and Column D demonstrates that 
at any one time more trypsinogen had disappeared than ap- 
peared as trypsin activity. It is also apparent from column B 
that inactivation of the active product or of trypsinogen directly 
by cathepsin B was occurring during the reaction as demonstrated 
by the over-all loss of the total BAE activity of the reaction 
mixture with time. Thus it may be concluded that the activa- 
tion curve (Fig. 1) represents the combined effect of activation 
and inactivation. 

Columns C and D also demonstrate that 90°) of the trypsino- 
gen had disappeared after 120 minutes. 

The possibility was investigated that the expected product of 
the reaction, trypsin, was inactivated by the cathepsin B prepa- 
ration. When crystalline trypsin is incubated with cathepsin B 
at pH 3.6 inactivation occurs with time ( Fig. 2). The inactiva- 
tion follows apparent first order kinetics as determined over 60 
minutes. (About 30°; inactivation occurred in 60 minutes under 
these conditions as compared to 5°) inactivation in the absence 
of cathepsin B. Since the latter value is within experimental 
error no correction for this endogenous inactivation was applied.) 
It is apparent from these results that if the active product is 
trypsin, inactivation would occur during the activation of 
trypsinogen by cathepsin B. 
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Relationship between trypsin activity formed by action of cathepsin 
B and trypsinogen disappearance 


—©~<,, 


| A | K | c D 
Trypein activity Trypsinogen*® 
Time 
| 
| rypsinogen' + cathepsin B+ | Remaining Disappeared* 
0 ) 0.00 6.30 6.30 0.00 
10 ) 0.92 6.06 5.14 1.16 
» 1.68 6.06 4.38 1.92 
w 285 5.57 2.72 3.58 
i“ 3.36 5.26 1.90 4.40 
120 «3.60 4.2 | 5.70 
180 2.88 3.50 | 0.62 | 5.72 


*One trypsinogen unit is that amount of trypsinogen which 
gives one trypsin unit under the conditions given below. 

* Approximately 6 mg of trypsinogen, equal to 6300 units of 
trypsin when fully activated by trypsin, and 3 units of cathepsin 
B were incubated in 0.04 m sodium acetate buffer (pH 3.8), con- 
taining 0.04 m cysteine and 0.10 mw CaCl», at 30°, final pH 3.6. 
Aliquots of 0.05 ml were removed at various time intervals, di. 
luted, and assayed for activity towards BAE. 

« To convert the residual trypsinogen to trypsin after cathepsin 
B activation, samples of 0.2 ml were removed from the incuba- 
tion mixture at the time intervals noted and added to ice cold 0.8 
m! solutions containing 0.5 mg of trypsin in 0.125 m Tris buffer, 
pH 8.0, with 0.125 CaCl, After 6 hours in the cold, aliquots of 
0.05 ml were diluted and assayed for activity towards BAF. Val- 
ues given have been corrected for the 0.5 mg trypsin content of the 
cold incubation mixtures. 

4Caleulated from Column B minus Column A. 

*Caleulated from Column C. 


The rate of trypsinogen disappearance as determined over 60 
minutes from data similar to Column C in Table I also follows 
apparent first order kinetics and is plotted in Fig. 2 for compari- 
son with the data for trypsin inactivation. The slopes of the 
lines were determined by the method of least squares. The 
first order rate constants caleulated from slope < 2.3 are 0.0204 
min ' for trypsinogen disappearance and 0.0061 min~' for tryp- 
sin inactivation. 

The above data suggest that the action of cathepsin B on 
trypsinogen involves two consecutive first order reactions: 


k — 
Trypsinogen — active trypsin inactive trypsin 


where k, is the first order rate constant for trypsinogen disap- 
pearance or activation and ky is the first order rate constant for 
trypsin inactivation. In such a reaction sequence, the concen- 
tration of trypsin at any time should be given by the equation 
for two consecutive first order reactions: 


(TG) x ky 


~tet — 
ky hy (1) 


(T) = 


where (T) is the concentration or activity of trypsin formed at 
any time ¢ in units per ml, (7G) is the trypsinogen concentration 
at zero time expressed in trypsinogen units per ml, and k, and 
are as above. 


By substituting values of 6300 trypsinogen 
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Fic. 2. The inactivation of crystalline trypsin by cathepsin B, 
O-——O; the disappearance of trypsinogen in the presence of 
cathepsin B, @——@. Each point is an average of 4 experiments. 
The range of values are indicated by the vertical lines through 
the points. The lines are drawn by the method of least squares. 
The trypsin experiments were carried out with 6000 units (ap- 
proximately 6.0 mg) of crystalline trypsin and 3 units of cathepsin 
B under the conditions described in the legend to Fig. 1. The 
trypsinogen disappearance values were obtained from data of 
which Column C in Table I is representative. 


units per ml for (7G), 0.0204 min~ for k,, and 0.0061 min~, for 
ks, a theoretical curve was obtained for trypsin activity produced 
as a function of time, which is compared to the experimental 
curve in Fig. 1. The close agreement of the curves is strong 
evidence in favor of the hypothesis that the activity being meas- 
ured was the resultant of two consecutive first order reactions, 
activation of trypsinogen and inactivation of the active product, 
presumably trypsin. 

Evidence for Cathepsin B as Catalytic Agent—Three different 
cathepsin B preparations purified through the “Hg-ethanol” 
fractionation step (150 to 200 times purification) were compared 
for their activity towards trypsinogen and towards the specific 
substrate of cathepsin B, benzoyl-t-argininamide. The results 
are presented in Table Il. A unit of BAA activity has been 
previously deseribed (2). A unit of trypsinogen activation is 
deseribed under Table II. 

The results demonstrate that in three separate preparations of 
cathepsin B of differing specific activities, the ratios of activities 
towards BAA and trypsinogen are the same. ‘This is strong 
evidence that cathepsin B and not some contaminating protease 
is the active catalytic agent in the activation of trypsinogen. 

Dependence of Activation on Presence of Cysteine—Table II 
demonstrates that the activation of trypsinogen by cathepsin B 
is dependent on the presence of cysteine. In experiments with 
higher concentrations of trypsinogen (about 20 mg per cc) slight 
increases in activity were noted with time in the absence of 
cysteine; the activity produced being about 10% of the activity 
produced in the presence of cysteine. 

Effect of lodoacetic Acid on Reaction—lodoacetic acid was em- 
ployed to further support the premise that cathepsin B is the 
catalytic agent. This agent in 0.001 M concentrations com- 
pletely inactivates cathepsin B (2) but has no effect on trypsin. 
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TaB_e II 
Ratios of activities of cathepsin B towards trypsinogen and 
benzoyl-L-argininamide 
Cathepsin B 150 to 200 times purified. 


| 
mg/ml snits/ml | units ml 
VIII 4.6 1.1¢ 
x 5 9 93 97 1 17 


* The assay of cathepsin B activity towards trypsinogen was 
performed at 25° in a 1.0 ml reaction mixture containing 5 mg of 
trypsinogen, 0.04 m sodium acetate buffer, 0.04 m cysteine, 0.1 M 
CaCl:, and enzyme (0.025 ml Hg-ethanol fraction (2)), at a final 
pH of 3.6. A unit of cathepsin B ({C.U.}™) is defined as that 
amount of enzyme which under the above conditions caused a 
1% activation of trypsinogen per minute as measured after 30 
minutes by the spectrophotometric method described in ‘‘Meth- 
ods.’’ 

t Described previously (2). 


Taste III 
Dependence of trypsinogen activation on presence of cysteine 
Five mg of trypsinogen and 3 units of cathepsin B were incu- 
bated as described in the legend to Fig. 1 with varying amounts 
of cysteine in a final volume of 1.0 ml for 60 minutes; aliquots of 
0.05 ml were removed, diluted, and assayed for activity. 


Cysteine concentration Trypsin activity 
M uniis X 10°*/ml 
0.040 3.36 
0.020 3.24 
0.004 1.25 
0.000 0.00 
“7 
° 
6 
7 M IAA 
z 
2 
a 
M IAA AT TIME 


1 1 


TIME IN MINUTES 


Fic. 3. Inhibition of cathepsin B activation of trypsinogen by 
iodoacetic acid. Approximately 10 mg of trypsinogen and 3 units 
of cathepsin were incubated as described in the legend to Fia. 1. 
One tube was immediately treated with a solution of IAA (pre- 
viously brought to pH 3.6) giving a final concentration of 0.001 m. 
A second tube containing the incubation mixture was divided into 
two equal portions and after 15 minutes IAA was added to one 
portion and an equal volume of water added to the second portion. 
The results have not been corrected for the dilution by iodoacetic 
acid or water. 
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Tasie IV 
Release of ninhydrin-reacting material during action of 
cathepsin B on trypsinogen 

The incubations were for 90 minutes under the conditions de. 
scribed in the legend to Fig. 1. Aliquots of 0.2 ml were removed 
at 0 time and 90 minutes and added to 0.2 ml solutions of ice cold 
10% trichloroacetic acid. After standing 15 minutes in ice, the 
tubes were centrifuged and 0.1 ml removed for ninhydrin deter. 
minations. 


| Ninhydrin color value 


Components (leucine equivalent) 
Trypsinogen* + a's 1.62 
— + trypsin.. 0.06 
Trypsinogen.. 0.06 
0.00 


* Five mg of trypsinogen; 3 units of cathepsin B ina 10 mi 
reaction mixture. 

t Five mg of trypsinogen; 2.5 mg of trypsin in 1.0 ml reaction 
mixture. 


Fig. 3 demonstrates that the addition of IAA at 0 time completely 
inhibits the reaction. If the reaction is allowed to proceed 
normally for 15 minutes and LAA is then added to one aliquot of 
the reaction mixture, no further increase in trypsin activity 
occurs with time; however, the usual activation proceeds in the 
aliquot to which no IAA was added. It was also found that the 
ability of the cathepsin B preparation to inactivate crystalline 
trypsin was completely abolished in the presence of 0.001 m IAA. 

Release of Ninhydrin-reacting Material—Table IV demon- 
strates that hydrolysis of peptide bonds occurs during the reac- 
tion of trypsinogen and cathepsin B as indicated by the release 
of ninhydrin-reacting material measured after 90 minutes. 
Because of the complexity of the reaction no attempt has been 
made to quantitate the color value with the number of peptide 
bonds hydrolyzed. Table IV also demonstrates that no detect- 
able reaction has occurred with trypsin and trypsinogen under 
the same conditions that govern the reaction of cathepsin B with 
trypsinogen. This is further evidence supporting the conclusion 
that the activity measured from the reaction of cathepsin B and 
trypsinogen contains no autocatalytic component. 

Effect of Changes in Cathepsin B and Trypsinogen Concentra- 
tions—Fig. 4 demonstrates that as the concentration of trypsino- 
gen is increased in incubation mixtures containing a constant 
amount of cathepsin B there is a proportional increase in the 
rate of trypsinogen activation as measured over 60 minutes. The 
final point represents a ratio of 50:1 by weight of trypsinogen 
to cathepsin B. These results indicate that in the experiments 
cited previously the enzyme was not saturated with respect to 
substrate. 

The results obtained when the trypsinogen concentration is 
kept constant and the enzyme concentration varied are shown 
in Fig. 5. 

pl! Optima of Reaction—A study of the pH optima of the 
activation reaction was carried out at 2° in unbuffered solutions. 
The pH was maintained by immersing the electrodes of the pH 
meter in the reaction mixture placed in an ice bath and adjust- 
ing the pH by addition of alkali or acid by hand. The experi- 
ments were carried out at low temperature to prevent any 
autocatalysis of trypsinogen in the pH ranges higher than 4.0. 
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Fic. 4. The effect of varying the trypsinogen concentration 
with respect to cathepsin B on the activation of trypsinogen by 
cathepsin B. Three units of cathepsin B and varying amounts of 
trypsinogen were incubated as described in the legend to Fig. 1. 
Trypsin activity was determined after 60 minutes. 


As will be seen in Fig. 6 the pH optima of the reaction is near 
pH 3.6. This, however, may be an apparent value as will be 
discussed below. 

Inhibition of Activated Product by Soy Bean Inhibitor—lxperi- 
ments were carried out to observe if the activated product 
qualitatively behaves like trypsin towards trypsin soy bean 
inhibitor. Trypsinogen was activated by cathepsin B in the 
usual manner for 60 minutes. An aliquot assayed by the BAE 
procedure was found to contain an activity which corresponded 
to 250 we of trypsin. A similar aliquot was treated with 500 
ug of crystalline soy bean inhibitor for 15 minutes at 2° at pH 
3.6, assaved, and found to contain only 6% of the initial activity. 


DISCUSSION 


The partial purification of cathepsin B (2) permitted a closer 
examination of this enzyme with respect to its action on syn- 
thetic substrates and proteins. Synthetic substrate studies have 
indicated a specificity for the hydrolysis of a-N-acylated arginine 
or lysine peptides. The ability of cathepsin B to activate 
trypsinogen as reported here may indicate that such specificity 
holds for at least one bond in trypsinogen since, as Neurath et al. 
(4-6) and Desnuelle et al. (7-8) have shown, the tryptic activa- 
tion of trypsinogen is initiated by the hydrolysis of a —Lys. 
lleu—bond; enterokinase activates trypsinogen in a similar 
manner (14). Investigations are now in progress to determine 
the hydrolytic products of the cathepsin B activation of trypsino- 
gen and to determine whether the active product has the same 
enzymatic and physical properties as trypsin. 

In its pH optima toward trypsinogen, cathepsin B is similar 
to ‘mold kinase,”’ an enzyme from a strain of Penicillium notatum 
which has been shown by Kunitz (15) to convert trypsinogen to 
trypsin. The loss of the strain of Penicillium which produces 
this enzyme may prevent further investigations with it (6). The 
almost absolute requirement of cysteine for cathepsin B activity, 
however, distinguishes it from the mold enzyme for which no 
activators were reported. Attempts to culture mold from the 
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Fie. 5. The effect of varying the cathepsin B concentration with 
respect to trypsinogen on the activation of trypsinogen by cathep- 
sin B. Ten mg of trypsinogen and varying amounts of cathepsin 
B were incubated as described in the legend to Fie. 1. Trypsin 
activity was determined after 60 minutes. 
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4.0 45 


pH 


Fic. 6. Effect of pH on the rate of activation of trypsinogen by 
cathepsin B. Ten mg of trypsinogen and 10 units of cathepsin Bin 
0.10 m CaCl, and 0.04 m cysteine were incubated in a final volume 
of 2.0 ml at 2°. Trypsin activity was measured after 20 minutes. 
See text for further details. 


enzyme preparations were negative.?_ The experiments demon- 
strating that the ratios of cathepsin b activities toward trypsin- 
ogen and its specific substrate BAA are the same for three 
separate preparations of cathepsin B also leads to the conclusion 
that cathepsin B is the catalytic agent involved in the hydrolysis 
of both substrates, although final proof must await more exhaus- 
tive purification of the cathepsin preparation. 

The pH optima of 3.6 for trypsinogen activation by cathepsin 


2 We are indebted to Dr. H. Bernheimer of the Department of 
Medicine for aiding us in this experiment. 
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B should be considered at the present stage of these studies to be 
an apparent value since the trypsin activity noted with time is 
dependent on the relative rates of activation of trypsinogen and 
inactivation of the active product, presumably trypsin. Since 
these rates may differ with respect to one another at different 
hydrogen ion concentrations, the activity noted at any pH may 
reflect the relative rate of activation to inactivation and not the 
true activity of cathepsin B toward trypsinogen. 

The acid pH at which cathepsin B acts on trypsinogen and 
trypsin is of interest because of the possible usefulness of this 
enzyme as an adjunct to pepsin in studies of structural sequence 
of trypsin and other proteins where neutral or alkaline pH is to 
be avoided. Further investigations are necessary, however, to 
establish the exact specificity of cathepsin B on proteins, and 
also to obtain an enzyme preparation which meets the necessary 
criteria of a pure protease. 


SUMMARY 
Evidence is presented that partially purified beef spleen 
cathepsin Bb activates trypsinogen to trypsin or a trypsin-like 
product. The activity noted is a resultant of two consecutive 
first order reactions catalyzed by cathepsin B: trypsinogen — 
active trypsin — inactive trypsin. The activation is dependent 


on the presence of cysteine and can be inhibited by iodoacetic 
acid. Various lines of evidence demonstrate that crystalline 
trypsin does not act on trypsinogen at the acid conditions (pH 
3.6) found to be optimal for the cathepsin B activation. 

The possible use of cathepsin B as a tool for studies of amino 
acid sequence in proteins is discussed. 


Cathepsin B Activation of Trypsinogen 
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Glutamic Dehydrogenase 


Ill. THE ORDER OF SUBSTRATE ADDITION IN THE ENZYMATIC REACTION* 


FRIEDEN 


From the Department of Biological Chemistry, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, June 15, 1959) 


In the investigation of mechanisms for multi-substrate single 
enzyme reactions, a problem which consistently arises is the de- 
termination of the mechanism of substrate addition. Thus, for 
two-substrate enzymes, two common alternative mechanisms in- 
elude (a) a random addition of substrates and (6) a compulsory 
pathway of events such that one substrate must be bound before 
the second in order that the enzymatic reaction proceed. The 
problem is of some importance both in the clarification of types 
of intermediates which may be formed in the process of the en- 
zymatic reaction and in the determination of rate constants for 
individual steps in the enzymatic reaction. On the basis of 
kinetic experiments, it is normally exceedingly difficult to dis- 
tinguish between the above two alternatives for two-substrate 
reactions, although Alberty (1) has recently described some rela- 
tions which appear to distinguish between several alternatives 
when the products of the reaction are used as inhibitors of the 
forward process. 

In the present paper, it will be shown that for enzymes which 
utilize three substrates, as exemplified by the oxidation of reduced 
coenzyme by glutamic dehydrogenase in the presence of a-keto- 
glutarate and ammonium ion, it is possible to distinguish kineti- 
cally between several possible mechanisms of substrate addition 
without many of the complications which arise in two-substrate 
reaction mechanisms. For the particular enzyme studied here, 
glutamic dehydrogenase, it will be shown that the experimental 
results agree with a mechanism which requires a compulsory 
order of substrate addition. The sequence which is essential for 
enzymatic activity is found to be TPNH, ammonium ion, and 
a-ketoglutarate, respectively. The general theory for compul- 
sory binding of three substrates is developed, and Michaelis and 
dissociation constants for the enzyme-coenzyme complexes, plus 
the Michaelis constants for the other substrates of the reaction, 
are presented. 


EXPERIMENTAL 


Kinetic Measurements— All the experiments reported here were 
carried out at pH 8.0 and 25 + 0.5° in 0.01 m Tris-acetate buffer 
and measured by changes in absorbancy at 340 muy in view of the 
difference in spectra between TPNH and TPN. Absorbancy 
changes were measured with the 80 to 100° expanded scale of a 
Brown recorder used in conjunction with a Beckman DU spec- 
trophotometer as described in the preceding papers of this series 
(2, 3). Experiments performed with TPN as coenzyme were 
made in 10-em cells to increase the sensitivity of the method. 


* This investigation was supported by a research grant (No. 
RG-5704) from the National Institutes of Health, United States 
Public Health Service. 


In order to check for enzymatic denaturation or to compare re- 
sults obtained at different times, a standard solution containing 
5 X 10° mM a-ketoglutarate, 0.1 M ammonium chloride, and 
1.2 X 10°*mM TPNH was used.' As in the experiments of the 
previous papers (2, 3) all kinetic experiments were carried out in 
the presence of 10°° mM ethylenediaminetetraacetic acid. In order 
to prevent enzyme denaturation, the enzyme was made up in 
0.1 m Tris-acetate buffer, pH 8, and maintained at 0°. Under 
such conditions, there is very little denaturation over a period 
of 2 to 3 hours. The kinetic data presented in figures of this 
paper represent the results of several similar determinations. 
In addition the data of Figs. 2 to 5 have been corrected to ap- 
proximately the same enzyme concentration. 

Reagents—Crystalline beef liver glutamic dehydrogenase was 
obtained from C. F. Boehringer, Germany, and was identical to 
material used for previous experiments (2, 3). This material 
was obtained either as a suspension of crystals in ammonium 
sulfate or in sodium sulfate. Identical results are obtained with 
enzyme from either crystal suspension. 

The TPNH used was enzymatically reduced and obtained 
from C. F. Boehringer, Germany. TPN was obtained from the 
Sigma Chemical Company. The a-ketoglutaric acid was ob- 
tained from either Nutritional Biochemical Corporation or Cal- 
ifornia Corporation for Biochemical Research. In either case 
the material was recrystallized from acetone-benzene mixtures. 
The crystalline monosodium-t-glutamate was obtained com- 
mercially and was over 98° pure by assay. 


RESULTS 


The results in the present paper were obtained with the use of 
TPN and TPNH, rather than DPN and DPNH, as coenzymes. 
It has been shown in the preceding papers of this series (2, 3) 
that kinetic results with TPN and TPNH are far easier to in- 
terpret since the results are free from complications which arise 
owing to activation of the enzymatic reaction at high levels of 
DPN and inhibition of the reaction at high levels of DPNH. 

TPN—Fig. 1 shows data obtained at 25°, pH 8.0, in 0.01 m 
Tris-acetate buffer with TPN as coenzyme. This experiment 
was performed with varying concentrations of TPN at several 
levels of glutamate concentration. The data show glutamic de- 
hydrogenase to be similar to some other enzymes which catalyze 
two-substrate enzymatic reactions, for example beef heart lactic 


! This standard is similar to those used in the preceding papers 
of this series (2, 3) except that DPNH was used in place of TPNH. 
It was stated in the previous papers that experiments were per- 
formed at levels of 0.05 m glutamate or a-ketoglutarate. These 
concentration levels should have been given as 0.005 m and not 
0.05 
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Fic. 1. Reciprocal velocity versus reciprocal TPN concentra- 
tion at 4 levels of glutamate concentration. The concentrations 
of glutamate used were (J) 1.25 K 10-* m, (2) 2.5 107 a, (3) 
5 X 10°? m, and (4) 10 X 10° m. Experiments performed at 25°, 
pH 8, in 0.01 m Tris-acetate buffer. 


dehydrogenase (4), in that the apparent Michaelis constant for 
the reduction of coenzyme is dependent upon the concentration 
of the other substrate. The data of Fig. 1 may be conveniently 
represented by the equation 


V 
v = 
Kren Keiut (1) 
1 + (Glut) * (TPN](Giut) 


where Krpy and Kei are the Michaelis constants for TPN 
and glutamate respectively and Kr_¢ is a complex Michaelis 
constant as described by Alberty (5). On the basis of simple 
enzymatic theory, results similar to those obtained in Fig. 1 may 
be interpreted to mean that the true dissociation constant for 
the enzyme-TPN complex is considerably higher than the ap- 
parent Michaelis constant and is, in fact, equal to the negative 


1.0} 


(3). =< 


005 
(TPNH) (AM) 


Fig. 2. Plot of reciprocal velocity versus reciprocal TPNH 
concentration at the constant and high a-ketoglutarate concentra- 
tion of 1 X 10°? m. Concentrations of ammonium chloride are 
(1) 2X 10-*, (2) 1 X and (8)5 K 10-*m. The experiments 
were performed in 0.01 m Tris-acetate buffer at pH 8 and 25°. 
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TPN concentration at the intersection of lines in Fig. 1 (6), 
This dissociation constant is 2.8 X 10-‘m. From the apparent 
maximum velocities at infinite TPN concentrations, the Mich- 
aelis constant for glutamate may be obtained and the value of 
Kr-c may be calculated as previously described (6). This con- 
stant is found to have a value of 4.2 « 10°? m*. The data of 
Fig. 1 may be replotted so as to obtain the Michaelis constant 
for TPN and a check of the value of Kr_¢ may also be obtained, 
Extrapolation of apparent maximum velocities from either of 
these plots yields the same maximum velocity at infinite con- 
centrations of both substances. 

It has been shown (5) that Equation 1 may be derived for at 
least two different types of enzymatic mechanisms, one of which 
involves a random addition of substrate and the other, a com- 
pulsory sequence of substrate addition. Thus, such results are 
inconclusive for gaining an insight to this particular aspect of 
the enzymatic reaction. 

TPNH—Whereas data obtained with TPN are ambiguous 
with respect to reaction sequence, results obtained with TPNH 
as coenzyme will differ in that several mechanisms are kinetically 
distinguishable. Fig. 2 shows a plot of reciprocal velocity versus 
reciprocal TPNH concentrations at several ammonium ion con- 
centrations (as ammonium chloride) and at a constant, high level 
of a-ketoglutarate (approximately 10 times the Michaelis con- 
stant). The plot shows the Michaelis constant for TPNH under 
these conditions to be essentially independent of ammonium ion 
concentration. If interpretation of the two-substrate case (6) 
may be extended to enzymes utilizing three substrates, then this 
plot shows the experimentally determined Michaelis constant 
for TPNH is actually the dissociation constant of the enzyme- 
TPNH complex at this particular temperature, pH, and buffer 
concentration, provided, of course, that it is known that TPNH 
will bind the enzyme in the absence of the other two substrates. 
Although it will be shown below that the kinetic equations for 
the three-substrate case are considerably more complicated than 
for the two-substrate case, the above interpretation is still cor- 
rect. That TPNH binds free enzyme is shown by the effect of 
TPNH on the sedimentation coefficient of glutamic dehydrogen- 
ase (2) and enhancement of TPNH fluorescence in the presence 
of enzyme.? 

Fig. 3 shows data obtained at high levels (approximately 5 
times the Michaelis constant) of TPNH. Here, the Michaelis 
constant for a-ketoglutarate is found to be independent of am- 
monium ion concentration. However, whether such a Michaelis 
constant is a dissociation constant is dependent on whether an 
enzyme-a-ketoglutarate complex may be formed without the 
presence of either ammonium ion or TPNH. This question will 
be discussed below. It should be pointed out here, however, 
that at high levels of either a-ketoglutarate or TPNH, the results 
are similar: that is, experimentally determined Michaelis con- 
stants are essentially independent of the concentration of the 
other substrate. This is not the case at high levels of ammonium 
ion. 

Fig. 4 shows data obtained at a level of ammonium ion con- 
centration (as ammonium chloride) about 10 times that of the 
Michaelis constant for the ammonium ion. Here the reciprocal 
plots of varying TPNH concentration at several levels of a-keto- 
glutarate do not intersect on the abscissa as in Fig. 2, but are 
instead almost parallel. For this ammonium ion concentration, 


* S. F. Velick and C. Frieden, unpublished. 
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the point of intersection is considerably below the abscissa. /t 
therefore becomes clear that the enzyme does not act in an identical 
manner towards all the substrates involved in the over-all reaction. 
Inspection of results obtained in Figs. 2 and 3 (high a-keto- 
glutarate or TPNH concentration) show that these data may be 
represented by an equation which is similar to Equation 1, 1e., 
+ Ka/(B)) (2) 
except that the apparent maximum velocity, V’, is now depend- 
ent upon the concentration of the third substrate and the de- 
nominator of the equation may be factored, since the point of 
intersection of the lines on these plots is at the abscissa. 
Extrapolation of results similar to those shown in Fig. 4 to 
infinitely high ammonium ion concentrations, show these data to 


be obeved by an equation of the type 


v= 
Ky, (3) 
1+ TA) 


which is quite different from Equation 1 or 2 since the term 
K,Kw» (or Kas) has now disappeared. However, it has been 
found that at constant and low concentrations of ammonium 
ion, the data obtained may be represented by an equation of a 
type identical with Equation 2. Thus, for the situation where 
the ammonium ion concentration is held at a constant level, in 
addition to the apparent maximum velocity being determined by 
this concentration of ammonium ion, the value of Aap is also 
determined by the ammonium ion concentration. 

Reaction Sequence—Of the most likely mechanisms which 
must be considered with respect to the order of addition of sub- 
strate molecules, the two simplest are (a) a random addition of 
substrates and (b) a sequential order of substrate binding. As 
will be discussed later, a random addition of substrates requires 
that the same type of kinetic relationships hold for all substrates. 
Since the data of Figs. 2 to 4 show this not to be the case, this 
mechanism may be ruled out. The second mechanism is that 
of sequential binding and it will now be assumed that this is the 
correct mechanism for glutamic dehydrogenase. It then be- 
comes necessary to compare experimental results with what 
would be predicted for such a mechanism. Consider the series 
of steps for three substrates say A, B and C which may be ex- 


pressed as 


(I) 
FAB +C EABC —2+ EDF ED + F 
ke ks 
kay 
£ D 
kis 


where D and F are the two products of the reaction and k; to 
ki. are the rate constants for the individual steps involved. Der- 
ivation of the kinetic equation for the forward direction which 
relates the initial velocity to the concentration of substrate by 
the steady state method results in an equation of the form 


V 
r= 
Ka As Ke Aas Aue Kane (4) 
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Fig. 3. Plot of reciprocal velocity versus reciprocal a-ketoglu- 
tarate concentration at the constant and high level of TPNH 
of 1.25 K 10-* m. Concentrations of ammonium chloride used 
were (1) 2 X 10-3 a, (2) 1 KX and (3)5 X 10°-*m. ‘The experi- 
ments were performed in 0.01 m Tris-acetate buffer at pH 8 and 25°. 
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Fic. 4. Reciprocal velocity versus reciprocal TPNH concentra- 
tions at the constant and high ammonium chloride concentrations 
of 5 X 10°? m. The concentrations of a-ketoglutarate used were 
(1) 3.3 K 10-*m, (2) 1 X 10°-* a, and (3) 1 X 10°? m. The experi- 
ments were performed in 0.01 m Tris-acetate buffer at pH 8 and 25°. 


where 
V/(E)o = krkokii/P 
Ka = kykgkis/ki P 
Ks = P 
Ke = ky R/ks P (5) 
Kap = P 
Kxc = kykiy, R/ksks P 
= R/kiksks P 
and where 


P = + + + 
R = (keks + + krko) 
Note that in equation 4 there ts no term in (A) (C). 
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For the reverse direction, a rate equation of the type shown 
by Equation 1 is obtained where the kinetic parameters have 
been described in terms of rate constants previously (6, 7). 

If it is assumed, on the basis of data presented in Figs. 2 and 
3 that Kap = K,iks and Kac = Kpke, it follows by definition 
that Kasc is equal to KaKyKc and Equation 4 may be rewritten 
most simply as 


ae +m) (: - 


where now the kinetic parameters may be defined by 


(6) 
(A)(C) 


V/(E)o = ko = ky 

Ka = ko/ky 

As = ky/ks = ko/ks 
Ke = ky R/ks P 


where R and P have been defined above. There are a number 
of ways in which Equation 6 may be rearranged. For example, 
at constant levels of substrate A, Equation 6 gives 


+ Ka/(A)) 


(7) 


v= > 
An Aske (8) 
+ +G + KS) + BIG 


At A » Ka, this reduces to a form identical to Equation 2 and 
predicts the Michaelis constant for B to be independent of C 
concentration and vice versa. A similar equation may be de- 
rived for constant levels of C rather than A. 

However, at constant levels of B, Equation 6 is arranged to 
give 


+ Kp/(B)) 
Ka , Ke , KakKe 1 ) (9) 
As the concentration of B is increased the term in K,Kc be- 
comes smaller and at high B concentrations data of the type 


30+ 


(1) 


2.0r 


0 005 


Fic. 5. Reciprocal velocity versus reciprocal concentration of 
TPNH at the constant and low a-ketoglutarate concentration of 
3.3 X 10°-*m. The concentrations of ammonium chloride used 
were (/) 2 XK 10-3 a, (2) 1.0 X 10°? M, and (8) 5 X 10°? m. The 
experiments were performed in 0.01 m Tris-acetate buffer at pH 
8 and 25°. 


Glutamic Dehydrogenase. 


Vol. 234, No. I] 


shown in Fig. 4 would be expected. At low B concentration 


the term approaches 1 and it is to be expected 


Ku 
that the Michaelis constant for A will be independent of the con- 
centration of C and vice versa. As mentioned above this is in. 
deed what occurs at low ammonium ion concentrations. On this 
basis then, assuming the above mechanism to be correct, the 
second substrate in the sequential addition of substrates to the 
enzyme must be the ammonium ion. Now, it remains only to 
decide between which substrate is A and which is C. This de 
cision is, however, not difficult since TPNH is known to bind 
free enzyme as evidenced by sedimentation data (2) and en- 
hancement of TPNH (or DPNH (8)) fluorescence by the en- 
zyme’ in the absence of a-ketoglutarate and ammonium ion. 
In view of these facts, A, B, and C of mechanism I may now be 
defined as TPNH, ammonium ion and a-ketoglutarate, respec- 
tively. 

Equation 6 predicts a large number of interesting results, 
In each case, it is found that the experimental data agree quite 
well with what would be predicted by the equation. For ex- 
ample, at low levels of a-ketoglutarate (substrate C) a point of 
intersection of reciprocal plots above the abscissa would be ex- 
pected. As shown by Fig. 5, this is what is experimentally found 
where the apparent Michaelis constants for TPNH are all lower 
than the dissociation constant of the enzyme-TPNH complex 
(as given by the point of intersection of the reciprocal plots). 
With the proper experiments it is possible to determine the 
Michaelis constant for each substrate in several different ways. 
The Michaelis constants for the forward and reverse direction 
are listed in Table I along with other constants of interest to be 
discussed below. 

Equilibrium Constant—It was shown originally by Haldane 
(9) for simple one-substrate enzymatic reactions and later by 
Alberty (1) for more complicated enzymatic reactions that there 
is a simple relationship between the over-all equilibrium constant 
of the reaction and the kinetic parameters of the enzymatic re- 
action. This relationship has been called the Haldane relation- 
ship although it has a large variety of forms. The Haldane 
relationship corresponding to the sequential type of substrate 
addition represented by mechanism I is simply 
(A)(B)(C) 


Mea = “(DF)” 


(D)iF) (10) 


where V; and V, are the maximum velocities in the forward and 
reverse direction, respectively, and it has been assumed that 
Kanc = KaKpkKe. It is found that the ratio V;/V, at pH 8.0 
and 25° in 0.01 m Tris-acetate is 30 and from the values listed 
in Table I an equilibrium constant determined at pH 8.0 of 4.5 X 
10- (mole per liter)? may be calculated. This value is almost 
identical to most values reported of the equilibrium constant for 
the DPN-DPNH system (10-12). For the TPN-TPNH system, 
Olson and Anfinsen (10) report an equilibrium constant of 9.8 x 
10-™ (mole per liter)?, assuming a value of 1 for the activity of 
water. Preliminary experiments in this laboratory indicate 


that the equilibrium constant for the TPN-TPNH system is 
somewhat lower than this value and that the difference between 
the caleulated Haldane relationship and experimentally derived 
equilibrium constant may be as much as 2- to 4-fold. The reason 
for this discrepancy is not clear since the same Haldane relation 
as shown by Equation 10 is found for several different mecha- 
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TaBLe I 
Kinetic parameters for glutamic dehydrogenase reaction at pH 8.0, and 25° in 0.01 w Tris-acetate 


Substrate 
Michaelis constant (34)... «18X10 
Dissociation constant (M)__. 2.3 10" 2.6 10° 


Complex Michaelis constant 


Taste Il 


Rate constants for glutamic dehydrogenase reaction at pH 8 and 
26° in 0.01 M Tris-acetate 


ky | ky ky hy kis kis 


— 


wo! sec") (sec”*) sec?) (sec) *) see) 


1.0 10° 3.2 10° 1.0 10° 3.3 10' 7.3 & 10 
10 
3.3 10° see! 


(TPNH oxidation) 
(TPN reduction) 


nisms provided only the Axase = AyAsAc, an assumption which 
wems quite justified by the data. 

Rate Constants—Under the assumption that Ayn = AykXy 
and Ane = Apke, (i.e. that Aape = AxyApke) six of the twelve 
rate constants shown for mechanism I may be calculated from 
Equation 7. These rate constants and the turnover numbers 
for the forward and reverse reaction are listed in Table II. The 
turnover numbers are calculated on the basis of a molecular 
weight for glutamic dehydrogenase of 10° (13). If there are n 
identical active sites on the enzyme, then of course the values 
given for the rate constants will be too large by a factor of n. 

On the basis of enhancement of nucleotide fluorescence at high 
concentrations of protein, preliminary experiments indicate 
that there are at least 8, perhaps 12, binding sites for TPNH 
assuming a molecular weight of one million? 


DISCUSSION 


Throughout the preceding section of this paper, a mechanism 
which involves a sequential order of substrate addition has been 
assumed. It now becomes important to discuss other possible 
mechanisms. The most obvious of such reaction sequences is 
that mentioned earlier involving a random addition of substrates 
«ch that any substrate may be bound by the enzyme independ- 
ently of the presence of other substrates. As has been discussed 
in previous papers for 2-substrate reactions (14, 15) in order to 
obtain a relationship between initial velocity and kinetic param- 
eters which involves no square terms in substrate concentration, 
it is necessary to assume rapid equilibrium between the enzyme 
and all substrates and the rate determining step as that involving 
the conversion E-ABC =: EDF. The kinetic equation for such 
scase results in an equation of the form, for the forward direction, 


V 
Ka Ke Aan K (11) 
Kac K awe 
(AV(C) (ABYC) 


which in contrast to Equation 4 now contains a term in (A)(C). 
Therefore the mechanism gives rise to what would be rather 
different kinetic results. Thus, after data as presented in Figs. 
2 and 3 were obtained, it would be expected that similar results 
would be obtained at high ammonium ion concentrations. Since 
such results are not obtained, it is possible to discard the mech- 
anism involving a random addition of substrates. This type of 
reasoning is applicable to any three substrate type reactions 
provided that two of the substrates are not identical as in cyto- 
chrome reductases. Where such an analysis as given above 
might be of particular interest is for two substrate enzymatic 
reactions for which metal ions are required for enzymatic ac- 
tivity. 

A possible order of addition is as follows. After addition of 
TPNH, either ammonia or a-ketoglutarate may be bound. The 
derivation of the kinetic equations for such a mechanism, how- 
ever, cither by rapid equilibrium or steady state methods vields 
rate equations which are considerably different from any equa- 
tions shown above. 

A fourth possible mechanism is that substrates A and B may 
add in a random fashion, but that substrate C may add only 
after A and B. However, this mechanism is also kinetically 
distinguishable from the above mechanisms. Another possible 
mechanism which has been eliminated previously (10, 12) is that 
which involves the formation of an nonenzymatic intermediate, 
t.e. the formation of the iminoglutamate, which then reacts with 
the enzyme. Such a mechanism is also ruled out by the results 
presented here. 

Evidence for a sequential order of addition of substrates may 
also be found in the fact that incubation of enzyme with am- 
monium ion and a-ketoglutarate in HO" results in no exchange 
of O” into the keto group of a-ketoglutarate (unpublished re- 
sults), nor is there any tritium exchange when glutarate is in- 
cubated with the enzyme in the presence of tritiated water (16). 
There are two reasons why exchange might not occur: one is that 
the iminoglutamic acid is not an intermediate in the reaction 
and the second is that there is a sequential order of substrate 
addition such that neither ammonium ion nor a-ketoglutarate 
may bind in the enzyme in the absence of TPNH. 

Glutamate at levels higher than the Michaelis constant has 
no effect on the sedimentation coefficient of glutamic dehydro- 
genase as distinct from the coenzymes of the reaction which 
increase the sedimentation coefficient (2). a-Ketoglutarate does 
have some effect on the sedimentation behavior, but the effect 
is rather small and obtained only at rather high levels of a-keto- 
glutarate. Ammonium ion also seems to have no effect. There 
are again two possible explanations for such data: one, that 
glutamate, a-ketoglutarate, or ammonium ion does not influence 


| 

| 
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the association-dissociation properties of the enzyme, or that 
two, these substrates are bound only in the presence of coenzyme. 

Experiments reported in this paper have all used the triphos- 
phopyridine nucleotides as coenzyme. This was done to avoid 
the effects of DPNH inhibition and DPN activation which have 
been reported previously (2, 3). There is, however, little doubt 
that the mechanism of glutamic dehydrogenase is the same 
whether the di- or triphosphopyridine nucleotide is the coen- 
zyme. This would be expected since it has been shown that the 
active site is the same for both nucleotides (2). In addition, 
Fisher® has obtained data at pH 7.6 in phosphate buffers with 
DPNH as coenzyme in experiments similar to those shown in 
Figs. 2 and 4, and has obtained rather similar results. 

Although the sequence of events has now been described for 
TPNH (or DPNH) oxidation, this does not prove the mech- 
anism of substrate addition for TPN reduction. Inhibition 
experiments of the type described by Alberty (1) indicate a com- 
pulsory pathway and this would certainly be expected on the 
basis of the results presented here. That TPN (or DPN) is 
bound to enzyme in the absence of glutamate is shown by the 
effect of these nucleotides on the sedimentation coefficient of the 
enzyme (2). 


SUMMARY 


1. Detailed kinetic experiments have been made with crystal- 
line glutamic dehydrogenase at pH 8.0 and 25° in 0.01  tris(hy- 
droxymethyl)aminomethane-acetic acid buffer with the use of 
the oxidized and reduced triphosphopyridine nucleotides (TPN 
and TPNH) as coenzymes. 

2. Since the oxidation of TPNH by this enzyme involves three 
substrates, various three-substrate mechanisms are discussed 


+H. F. Fisher, personal communication. 
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and the general theory for a sequential addition of three syb. 
strates is developed in some detail. It is shown that sever] 
possible mechanisms for substrate binding will yield rather differ. 
ing kinetic results. 

3. The results of the experiments reported here may be ey. 
plained by the assumption of a compulsory order of addition of 
substrates, the sequence being TPNH, ammonium ion, and a. 
ketoglutarate, respectively. Turnover numbers for the forward 
and reverse direction are presented as well as Michaelis and dis. 
sociation constants for all substrates and from the kinetic theory 
several rate constants for individual steps in the reaction sequence 
are calculated. 
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The separation of peptides from controlled proteolytic digests 
by two-dimensional paper chromatography and electrophoresis 
is finding wide application to studies of protein structure. With 
this method it is possible to compare digestion mixtures from 
different proteins and to detect differences as slight as the re- 
placement of a single amino acid. Such differences are of im- 
portance in the comparison of homologous proteins from different 
animal and plant species, and in the study of genetically deter- 
mined changes in protein structure, such as those resulting from 
a single gene mutation. 

The earliest attempt to combine electrophoresis with partition 
chromatography on paper was reported in 1948 by Haugaard 
and Kroner (2). In 1956 a technique of high resolving power 
was described by Ingram (3) who subjected the mixture of pep- 
tides resulting from tryptic digestion of heat-denatured hemo- 
globin to paper electrophoresis at pH 6.5 followed by ascending 
chromatography in n-butanol-acetic acid-water (3:1:1). The 
resulting patterns of peptide spots, which have been called 
“fingerprints,”” but which we shall here refer to as “‘peptide 
maps,” permitted the detection and characterization of a single 
amino acid difference between normal adult and sickle hemo- 
globins of man (4, 5). Present studies in our laboratory that 
require separations with higher resolving power led to the de- 
velopment of a system which has permitted the separation and 
characterization of up to 80 peptides. 

Examination of protein structure by paper chromatography 
and electrophoresis requires the application of two systems of 
separation to a peptide mixture placed on a large sheet of filter 
paper. Ideally, the properties of the peptides upon which their 
separation is based should be different for the two systems used, 
and systems of high resolving power should be chosen. 

The systems that have proved most successful in our hands 
are descending chromatography with n-butanol-acetic acid-water 
(4:1:5) followed by electrophoresis in a modified Michl Appa- 
ratus (6) with pyridine-acetate buffer at pH 3.7. The chromato- 
graphic system tends to separate the polar from the nonpolar 
peptides and the electrophoresis separates the polar peptides 
according to charge. Since each aspect of the peptide mapping 
technique requires attention to particulars, this method will be 
considered in detail. 


* A preliminary report of this material has been presented (1). 
t Present address, Massachusetts General Hospital, Boston 14, 
Massachusetts. 


EXPERIMENTAL 
Methods 


Digestion—Proteins may be digested by any of a number of 
enzymes to yield a complement of peptides. Trypsin is a suit- 
able protease because of its high specificity and the ease with 
which digestions can be reproduced. Although enzymes such as 
chymotrypsin, subtilisin, papain, and pepsin are frequently used, 
their range of specificity is somewhat more broad and repro- 
ducibility is consequently more highly dependent on duration 
and conditions of digestion. 

Most native proteins must be denatured before digestion and 
a number of techniques have proved acceptable. Heat and pH 
extremes have been used, and urea is a valuable denaturing 
agent. With the latter reagent, the sample is first dissolved in 
6 to 10m urea. This solution is then diluted to 2.0 m at which 
urea concentration trypsin and chymotrypsin are fully active 
(7, 8). At the end of the digestion, the urea can be removed 
by adsorbing the peptides on a small column of Dowex 50-2X, 
100 mesh in the hydrogen form. After exhaustive washing of 
the column with glass-distilled water, the peptides are eluted 
with 4m NH,OH. Performic acid oxidation, although effective 
in rendering proteins susceptible to enzymatic hydrolysis, has 
the serious drawback of destroying tryptophan. Reduction of 
disulfide bridges followed by alkylation of SH groups (9) is prob- 
ably the best preliminary treatment to render proteins susceptible 
to enzymatic hydrolysis since no loss of tryptophan is incurred. 
Large cystine peptides which may streak badly on the paper, or 
stick firmly at the origin, are also avoided. For the system used 
here, iodoacetamide is preferred to iodoacetic acid as the alkyl- 
ating agent. 

For satisfactory separation of peptides it is important that the 
final mixture be free of salts. Although ion exchange columns 
permit the removal of salt from hydrolysates, we have found it 
simplest to carry out the digestions in a volatile buffer starting 
with a salt-free protein solution. Ammonium bicarbonate, 0.2 
M, at pH 8.5 is a satisfactory buffer for trypsin and chymotryp- 
sin; the pH can be raised or lowered with ammonium hydroxide 
or carbon dioxide. (Dry-Ice is convenient.) At the end of the 
reaction, the digest may be applied directly to the paper and the 
buffer salt volatilized in a stream of air. Unbuffered, alkaline 
solutions may be maintained at constant pH by additions of 
NaOH. The acidity may be monitored either automatically by 
the use of the pH stat (10) or other similar device, or visually 
with phenol red. This indicator does not interfere with subse- 
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quent analysis and, indeed, is often useful as a marker on the 
paper sheet. 

Chromatography—Chromatograms are run in the descending 
direction (e.g. in the Chromatocab) with full 18} x 224-inch 
sheets of Whatman No. 3 or 3MM filter paper. The origin spot 
should be approximately 2 inches below the glass rod over which 
the paper is hung. ; 

Varying amounts of peptides from the digestion mixture may 
be applied at the origin; best results are obtained when from 1 to 
2 mg are used. The digest may be lyophilized, and weighed 
samples dissolved in distilled water with 0.02 ml for each milli- 
gram of peptides for application to the paper sheet. The origin 
is usually dried in a stream of cool air. Excessive heating should 
be avoided. Origin spots up to $ inch in diameter have given 
excellent patterns. Attempts to apply 2 mg of peptide material 
to a very small area often lead to streaking during chromatog- 
raphy. For large peptides which tend to stick to the paper, the 
deleterious effects of drying can be obviated by waiting to apply 
the spot until the descending solvent front has just reached the 
origin. 

The solvent which has proved most satisfactory in our hands 
has been n-butanol-acetic acid-water (4:1:5). This is made up 
in a separatory funnel and separates into two phases. The 
aqueous (bottom) phase of this two-phase mixture is placed in 
the bottom of the Chromatocab or discarded. The upper, buta- 
nol phase is frequently cloudy, due to suspended droplets of 
water; these will settle out on standing for a few hours but may 
be removed quickly by filtering. The solvent should be freshly 
prepared and used within 24 hours, since the Re values are lower 
when the stored solvent is used. 

Chromatograms are run for 16 hours or more at room tempera- 
ture. For longer runs it is wise to serrate the bottom edge of the 
paper to insure even run-off. At the end of chromatography 


Fig. 1. A Lucite tank 20 inches high, 25 inches wide, and 6 
inches deep is divided intotwo watertight compartments by a cen- 


ter partition 21 inches high. Platinum electrodes, connecting to 
the power supply (/), are immersed in buffer (clear) on either side 
of the partition, the circuit being completed by the chromatogram 
which is hung over the rack. The entire paper is immersed in 
Varsol (stippled) which is cooled by tap water flowing through 
stainless steel coils. The Lucite rack used to support the paper 
is illustrated to the right. 
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the paper is clipped to its supporting rod and dried in a hood or 
in an oven at about 70°. A pencilled line is drawn from the 
origin to the edge of the paper, parallel to the direction of chro. 
matography marking the line of partially separated peptides, 

Electrophoresis—The technique for paper electrophoresis found 
to be most valuable utilizes the rapid separation of peptides gt 
high voltages. Since the large sheets of filter paper draw 200 to 
300 watts in a field of 2000 volts, a very efficient cooling system 
is required. Michl (6) solved the problem of cooling by im. 
mersing the paper in toluene through which was passed a set of 
glass cooling coils. This is not an ideal system, since toluene js 
both toxie and highly flammable and, since it cannot be cop- 
tained in ordinary plastics, the manufacture of large tanks js 
difficult and expensive. The most satisfactory replacement has 
proved to be Varsol!' in Lucite tanks. 

The Lucite tank now used is illustrated in Fig. 1. The center 
partition divides the tank into two sections, each of which js 
partially filled with buffer. Varsol is layered over the buffer to 
a level sufficient to cover the cooling coils which are attached to 
the lid. The anode is a platinum wire in the front section of 
the tank, and a graphite block, attached to platinum wire in the 
rear section, is the cathode. The circuit is completed by the 
paper chromatogram which is suspended on a rack and dips inte 
the buffers on both sides of the partition. Cold tap water is 
circulated through the cooling coils which can be made of copper 
although stainless steel is preferred, since copper goes slowly 
into solution. 

The power supplies used are capable of delivering 250 ma at 
2000 volts for prolonged periods of time. These have been made 
at the instrument shop of the National Institutes of Health and 
use either silicon rectifiers or mercury vapor rectifiers. In view 
of the lethal voltage used, all metal is grounded and the leads 
are shielded cable. A safety circuit built into the power supply 
turns off the power automatically if the tank is opened. 

The buffer, a modification of that used by Ryle et al. (11), is 
composed of pyridine-acetic acid-water (1:10:289) and has a 
pH of 3.7. It is volatile and evaporates rapidly at room tem- 
perature. 

The chromatogram is prepared for electrophoresis by moisten- 
ing the entire paper with the pH 3.7 buffer. The paper is placed 
on a glass plate and a 4 inch rod is put under the origin line to 
prevent puddling. The buffer may either be pipetted or s- 
phoned onto the paper, great care being taken not to disturb 
the origin line. The origin line itself is moistened by the move 
ment of buffer in from both sides. This operation must be done 
with care, using repeated small applications of buffer. The 
material which has diffused out from the origin line during chro- 
matography will be washed into a thin line where the two buffer 
fronts meet; any excess buffer may be blotted from the paper 
The chromatogram is put over the Lucite rack (Fig. 1) and placed 
in the tank so that the top and bottom edges are completely 
immersed. Electrophoresis is at 2000 volts and the current 
drawn should be between 75 and 150 ma for a full sheet of What- 
man No. 3 or 3MM paper. All but the most acidie peptide 


! Varsol is the trade name of a light petroleum fraction markete 
by the Standard Oil Company of New Jersey. It has a flash pom" 
over 100°, does not conduct electricity, and can be kept indeé 
nitely in Lucite tanks. It is volatile and is removed from paper 
by drying at room temperature for several hours or by heating 
the paper to 70° in a drying oven for 15 minutes. Peptides at 
not soluble in Varsol and can be eluted from the paper in goo 
vields. 
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wi! travel upwards and free lysine will reach the top of the paper 
in 75 minutes. 

At the end of the electrophoresis a glass rod is passed under 
the top of the paper, which is then clipped to the rod with stain- 
less steel clips, the paper is carefully removed and dried in air 
or in a 70° oven. Papers may then be stained with any one of a 
variety of reagents for peptides or specific amino acids (12). 


RESULTS 


lp to 80 peptides can be separated and analyzed by this tech- 
nique (Fig. 2) and several applications of this method have al- 
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ready appeared in the literature (13-16). The peptide map 
method has been used both to establish similarities or identities 
of proteins (see, for example, Fig. 3) (14, 15), and to elucidate 
differences (13, 16). 

The amount of material used on a single paper is enough for 
a qualitative amino acid analysis, and the peptides from several 
papers can be pooled for quantitative analyses. 


SUMMARY 


A rapid method for the separation and analysis of peptides 
from proteolytic digestion mixtures has been described. The 


Fig. 2. Peptide pattern of a proteolytic digest of a highly puri- 
hed protein, isolated as the major protein component from T2L, 
bacteriophage (13). Peptides not observed in a comparable frac 
tion isolated from T4B are circled with a solid line. Those present 
in T4B but absent in T2L are indicated by the dashed circles. 
Digests of the protein isolated from BNT4 bacteriophage vielded 
pattern indistinguishable from that of T2L. The BN T4 strain 
‘hindly supplied by G. Streisinger (17)) has the host range proper 
tees of T4 but presumably retains the bulk of the T2 genome. 


The results support the hypothesis that the phenot ypie properties 
of BNT4 are the same as those of T2 except for the host range 
funetion. Conversely, the results indieate that the portion of 
genetic material whieh determines the nature of the host range is 
net associated with the synthesis of other phage proteins. For 
this experiment, 2 mg of urea denatured protein were subjected 
te consecutive W) minute digestions by trypsin (26, by weight) 
and chymotrypsin (1°, by weight) in 0.2 w NH,HCO,, pH 8.2 at 
25”. 
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Fig. 3. Peptide patterns obtained from enzymatic digests of 
bovine and porcine pancreatic ribonucleases. The purified pro- 
teins were oxidized with performic acid and subjected to successive 
2-hour treatments with trypsin and chymotrypsin at 37° and pH 
8.0 (see (16) for further details). The apparent identity of the 
patterns was further examined by elution and semiquantitative 


method introduces certain improvements in two-dimensional 
chromatography and electrophoresis on large sheets of filter 
paper and permits the identification of up to 80 peptide spots. 
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The stabilizing effect of calcium salts on a-amylases was first 
recorded fifty years ago by Wallerstein (1), who patented their 
use in connection with the brewing process. Since then, this 
phenomenon has been observed with most, if not all, a-amylases 
2-12) and it became customary to add calcium ions during the 
purification of amylases in order to stabilize the enzymes and 
promote their crystallization (13-18). For this reason, it is 
difficult to evaluate the significance of the presence of calcium 
in various preparations of a-amylases, as reported by several 
investigators (6, 19, 20). 

Recently, in the course of studies on the comparative structures 
of a-amylases, these enzymes have been found to be maximally 
resistant towards proteases when combined with divalent metal 
ions (21). By contrast, a-amylases from which divalent metal 
ions have been removed are highly susceptible to proteolytic 
attack, so that in the presence of metal-binding agents, trace 
amounts of protease contaminants suffice to degrade a-amylases 
readily (21). Since most studies on the inactivation of a-amyl- 
ases by sequestering agents (6, 20, 22-26) were performed on 
preparations from which proteolytic contaminants had not been 
specifically eliminated, it may be inferred that the observed 
losses of activity were due to proteolysis rather than to removal 
of the metal. Indeed, reactivation of the inactive material was 
never demonstrated. 

The finding that certain preparations of amylases (6), which 
had been inactivated by incubation with chelating agents, could 
he reactivated by dialysis against calcium salts (27) focused 
new interest on the role of calcium in amylases. These obser- 
vations implied for the first time that calcium might be a cofactor 
in amylase catalysis, over and beyond its postulated role in the 
stalnlization of the enzyme (9). 

The present study was undertaken, firstly, to identify the 
metal ions which are present in crystalline a-amylases and which 
account for the resistance of native amylases to proteolysis (21). 
Secondly, this study was undertaken to discern the possible role 
which cations may play in the activity of a-amylases. Qualita- 
tive and quantitative metal analyses were performed on a- 
amviases from several sources to examine the pertinence of any 
findings to the characteristics of a-amylases generally. Amyl- 
ases derived from human saliva, hog pancreas, Bacillus subtilis, 
and Aspergillus oryzae were chosen as examples. The principles 
on which this approach is based have been described in detail] 
elsewhere (28). 


* This work was supported by research grants from the National 
Institutes of Health, United States Publie Health Service, to both 
institutions, and by the “State of Washington Initiative 171 Funds 
for Research in Biology and Medicine.” 


EXPERIMENTAL 


Materials and Methods 


a-Amylases from human saliva, hog pancreas, B. subtilis, and 
A. oryzae were purified and crystallized as described previously 
(18). The bacterial enzyme was isolated from “Bacterial Amyl- 
ase concentrate” and the mold enzyme from “Clarase 900 con- 
centrate” (both purchased from the Takamine Laboratories). 
DFP" was added to all steps of the isolation procedure to mini- 
mize proteolytic degradation of the enzyme during purification 
(21). Under these conditions, the addition of calcium ions to 
stabilize the enzymes during purification was not found neces- 
sary, except in the case of B. subtilis amylase, where this cation 
is required for crystallization. 

Samples for the spectrographic analyses of metals in amylases 
were withdrawn at all steps of the purifications and dialyzed for 
20 hours at 4° against several hundred volumes of dilute am- 
monia (pH 7.2 +04). Before use, dialysis bags (Visking Corpo- 
ration) were washed in 0.1 N HCl! or 0.01 m EDTA (Baker Chem- 
ical Company). The dialyzed solutions were freeze-dried and 
desiceated to constant weight. Enzyme concentration and ac- 
tivity were measured as described (21), before and after dialysis. 
Water used was distilled in an American Sterilizer Company 
steam-operated water still; its conductivity was <10-* mho. 
All spectrographic analyses were performed by means of the 
porous-cup spark technique described previously (28). 


RESULTS 


Metal Analyses—Spectrographic analyses were performed at all 
stages of the purifications of the four different a-amylases. 
Complete analytical data for human saliva? amylase are shown 
in Table I. The specific activity of the enzyme rises with puri- 
fication; simultaneously, the calcium content becomes constant 
and extraneous metals are removed. The metal contents of the 
amylases of hog pancreas, B. subtilis, and A. oryzae are reported 
only for the original crude extracts and for the purified crystalline 
materials (Table I1). In addition to the metals listed in Tables 
I and Il, Al, Mn, Cu, Sr, and Sn were found in insignificant. 
quantities, and Cd, Co, Cr, Mo, and Pb could not be detected. 

A minimum of | gram-atom of calcium per mole of protein is 
present in all purified amylases (Table III). Zine is the only 


' The abbreviations used are: DFP, diisopropylphosphofluori- 
date; EDTA, sodium ethylenediaminetetraacetate. 

? The results reported in Tables Land LL could not be expressed 
in terms of gg of metal per gram of trichloroacetic acid-precipi- 
table material, sinee impure a-amylase solutions precipitate ex- 
tremely poorly with this reagent. However, as purification pro. 
ceeds, precipitation in trichloroacetic acid reaches completion. 
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TABLe I 


Specific activities and metal content of human saliva a-amylase in 
course of purification 


The concentration of metals is expressed in wg of metal per g of 
nondialyzable, freeze-dried material. 

The specific activities (in parentheses) are expressed in mg of 
maltose released under the conditions of the assay (21) per mg of 
nondialyzable, freeze-dried material. 


| Ast | | ist 
| ation ation | | liquor 
(300) | (520) (600) | (825) (1000) | (200) 
Mg = 400 600 400 30 25 360 
Ca >2300 ->2800 «1000 1200-1500 
Ba >400  >800 >700 170 25 =>300 
Ni 160, 300, 600,130 * >620 


* Not detected. 


Tasie Il 
Metal content of a-amylases at beginning and at end of purification 
The metal content is expressed in wg of metal per g of nondi- 
alyzable, freeze-dried material. 


a-Amylase from hog a-Amylase from a Amylase from 


: pancreas . subtilis A. oryzae 
Metals 
| Crude Ist crystal Crude 3rd crystal Crude 3rd crystal 
extract | suspension extract suspension extract suspension 
i 
Mg 1650 65 5300 26 1350 6 
Ca 950 1000 2000 220K) 970 1900 
Ba 40 | 860 150 20) 40 
Fe 170 | t 120 60 130 35 
Zn 300 | 250 130 720 0 70 


* The increase in the barium content of B. subtilis amylase re 
sults from the fact that large amounts of Ba-acetate are added to 
the enzyme solution at the end of purification for the absorption 
of colored impurities (18, 29). 

t Not detected. 


Ill 
Metal content of crystalline a-amylases after dialysis versus 0.02 
Na-acetate 
The results are expressed in gram-atoms per mole (50,000 g) of 
enzyme. 


| Human saliva | 


Metal B. subtilis A. orysae Hog pancreas 
amylase amylase amylase amylase 

Ca 3 2-3 1-2 1-2 

Zn 0.5 0.1 0.25 0.25 


other metal found in stoichiometrically significant amounts. 
The molar ratios of metal to protein were based on molecular 
weights of 50,000 for all four amylases, which is within 10% of 
the values determined experimentally (24, 30-32). 

Calcium Binding and Amylase Activity— Four samples each of a 
1% solution of four times recrystallized B. subtilis amylase*® were 


7 Only amylase preparations that are completely free from pro- 
teases can be used for this purpose, since contamination by traces 
of the latter enzymes brings about a rapid breakdown of the amy!l- 
ase molecule in the presence of sequestering agents (21). 
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Taste IV 


Enzymatic activity and metal content of crystalline B. subt: is 
a-amylase after extensive dialysis versus chelating agent 
For the enzymatic assays, each sample was diluted 20,000-f. 1d 

in 10°? mw solutions of the agents against which it was dialyz d. 

The metal content is expressed in gram-atoms per mole (50.000 


g) of enzyme. 


Control dialyzed o Phenanthro Hydroxy EDTA 
Metals cersus ine quinoline 
Na-acetate 
(100)* (100) (100) 40) 
Ca 2.5 2.5 2.0 o.4 
Zn 0.5 0 0.2 0 


* Numbers in parentheses represent percentage activity after 
dialysis. 


dialyzed for 50 hours against 0.01 Mm Na-acetate (control), 0.01 s 
1, 10-phenanthroline, 0.003 S-hydroxyquinoline, and 0.01 
EDTA at 3°, pH 7.0 + 0.2, agents which are known to form firm 
coordination complexes with different metal ions. Samples were 
removed for activity determinations, and the bulk of the material 
was further dialyzed for 24 hours against several changes of 
Na-acetate in decreasing concentrationst (10, 2.5, and 1 ma). 
The final solutions were again assayed for activity, freeze-dried, 
and analyzed spectrographically. Table IV shows the analyses 
for Ca** and Zn**, the two metals originally present in stoi- 
chiometrically significant concentrations. Only EDTA removed 
significant amounts of calcium; the other reagents, which do not 
form chelates with this element, removed none. All three 
agents removed zine. 

In order to avoid possible reactivation of the enzymes by trace 
contamination of metals, the enzymes were diluted to the con- 
centration (10° M) appropriate for the assay in the presence of 
0.001 m of the respective agent against which they had been 
dialyzed. Only the activity of the sample dialyzed rersus KDTA 
decreased to 40% of the control. However, no loss of activity 
could be observed when dilution of the enzyme was carried out 
in the absence of EDTA. Removal of calcium from amylase is 
freely reversible (see below), and at the very low concentration 
of enzyme at which the amylase assay is performed (10°* ), 
an uptake of calctum of the same order of molarity would be 
sufficient to fully reactivate the enzyme. This amount of cal- 
cium would escape detection by any practicable means of analy- 
sis. In the absence of sequestering agents, contamination of that 
low magnitude is virtually unavoidable, probably accounting for 
the lack of inhibition in the absence of EDTA. 

Loss of activity was not observed with acetate, o-phenanthro- 
line, and S-hydroxyquinoline. Conditions were sought whereby 
inactivation of B. subtilis amylase by sequestering agents could 
be enhanced. Temperatures above 40° and alkaline pH's (20, 
25, 26) were, however, avoided in order to minimize possible 
irreversible denaturation of the metal-free protein. When very 
dilute solutions of amylase (10-7 mM) were exposed to molar ex- 
cesses of EDTA of the order of 10,000. to LOOL000-fold, the enzyme 
was inhibited to 500% of the control value within approximately 


2 hours (see Fig. 1). By contrast, there was no inhibition with 


‘An amylase solution that has been dialvwzed rersus KDTA 
undergoes irreversible denaturation whenever its ionic strength 
is allowed to decrease rapidly. 
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other metal-binding agents, namely, citrate, oxalate, polyphos- 
phate, and S-hydroxyquinoline, used either separately or jointly.* 
Fig. | illustrates the rate of inhibition of a-amylases from 
human saliva, hog pancreas, B. subtilis, and A. oryzae by EDTA. 
Inhibition varies according to the biological origin of the enzyme. 
Under these conditions the rate of inactivation of amylases is 
neither increased by the addition of nonionic surface agents such 
as 0.1% BRI (Atlas Powder Company), nor deereased by the 
addition of protective colloids, ¢.g.0.5% albumin. On the other 
hand, the addition of 1% of the substrate, starch, protects the 
enzyme against inactivation by EDTA (Pig. 2). This protec- 
tion is effective only as long as the polysaccharide is not degraded 
markedly; thereafter, inhibition proceeds as in the control. The 
protective action afforded by the substrate cannot be duplicated 
with another polysaccharide, namely, dextran. 

Addition of Ca** ions, in excess of the concentration of EDTA, 
results in an immediate and complete restoration of activity of 
all three enzymes, demonstrating a complete reversibility of the 
inhibition of a-amylases by this sequestering agent. At 37°, 
however, as exemplified in Fig. 1, restoration of activity is in- 
complete, possibly as a result of secondary irreversible denatura- 
tion of the protein. 

Role of Metals in Crystallization of Amylases—It has been ob- 
served repeatedly (18, 35) that crystallization of a-amylases be- 
comes increasingly difficult on successive reerystallizations. In 
the case of Auman saliva amylase, for instance, this difference is 
quite dramatic. Whereas first crystals are easily obtained within 
a few hours, the preparation of the second erystals may be de- 
layed for weeks. Third crystals generally cannot be obtained 
at all when the enzyme solution is kept in a polyethylene flask. 
The data presented in Table I indicate that the first ervstalliza- 
tion is accompanied by removal of Mg**, Ba*t*, Ni**, Zn**, and 
Cu. This results in a more than 10-fold increase in the 
apparent solubility of the protein. Restoration of these cations 
toapproximately the same molar concentration as that of the en- 
tyme reduces its solubility to the original value and allows 
rapid crystallization to proceed. Study of the conditions for the 
crystallization of this enzyme demonstrates that, routinely, the 
joint addition of 1.0 mu Ca** with 0.2 mm Nit? toa 2 to 3% 
solution of the protein results in formation of crystals within a 
day or two” Crystals formed under these conditions are very 
insoluble indeed: they can no longer be dissolved by suspension 
in 3 to 4 volumes of 0.1 s NH,OH, but must be brought to pH 
10 to 10.5 with 0.1 ~w NaOH. 

The striking effect of metals on the solubility of pure amyl- 
aes is further demonstrated by the behavior of B. subtilis a- 
amylase. Asin the case of salivary amylase, the recrystallization 
of this enzyme becomes progressively more difficult as contami- 
sting metals are removed. Rapid reerystallization can be 
whieved, however, in a medium containing a 10- to 20-fold molar 
excess of calcium ions (18). By contrast, crystallization does 


‘Inhibition studies with sequestering agents other than EDTA 
vere performed on bacterial amylase only. 

* The correlation between calcium content and amylase activity 
mill be fully discussed in a subsequent publication (see also (32- 

’Muus (35) has reported that reerystallization of human saliva 
eamylase could be enhanced by chloride ions in high concentra- 
non (O.l mw). This result was confirmed here, though under the 
renditions described, a gel was first obtained which delayed the 
ttrystallization of the enzyme. When Ca** and Ni** ions were 
wed to promote crystallization, no further beneficial effect could 
%* observed upon the addition of chloride ions. 
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Fie. 1. Reversible inactivation of a-amylase by EDTA. Con- 
centration of enzymes: 2 to 3 X 10°? mM (10 to 15 wg per ml), con- 
centration of LK DTA: 0.01 in 0.01 M Na-glycerophosphate, pH 
6.9, 25°. a@-Amylases studied were as follows: O——O, human 
saliva; @—-@, hog pancreas; B. subtilis; A——A, A. 
oryzae. Complete reactivation is obtained by addition of 0.02 m 
Ca** ions to the partially inactivated amylase solutions (illus- 
trated only for hog pancreas and B. subtilis amylases). The 
broken line shows the rate of inactivation of bacterial amylase at 


37°. In this instanee, only partial reactivation is obtained by 
addition of 0.02 mw Ca** ions. 
100- 100 
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~ 80 
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incubation Time, Minutes 

Fic. 2. Effeet of starch on the reversible inactivation of human 
saliva amylase by EDTA. Concentration of enzyme: 3 K 10? mM 
(15 ug per ml) in 0.01 Mm Na-glycerophosphate, pH 6.9 at 25°. Con- 
centration of LK DTA: 0.005 @——-@, enzyme and EDTA alone; 
O-—-—O, same as above, but in the presence of 1°) soluble starch. 
4 ~ ~4 illustrates the rate of degradation of the substrate in “ 
hydrolysis of glucosidie linkages susceptible to hydrolysis. The 
breakdown of starch was delayed by elimination of Cl- ions from 
the reaction mixture. For the assays, the samples were diluted 
10-fold, and the values obtained were corrected for the amount of 
reducing groups produced during the incubation. Complete re- 
activation by addition of calcium to the EDTA-inhibited enzyme 
is shown. 


not take place in the presence of Ca-EDTA, even when the 
excess of free Ca** ions is large, due to the fact that purified 
B. subtilis a-amylase exists and crystallizes in the form of a 
dimer (36). In this dimer the two protein moieties are linked 
by 1 atom of zine which explicates the value of 0.5 gram-atom 
of Zn per mole given in Table IV. The affinity of Zn** ions for 
EDTA exceeds that of Ca** ions for this agent by several orders 
of magnitude, and therefore zinc forms complexes upon addition 
of the sequestering agent in spite of the presence of calcium 
and in preference to it. As a consequence, the dimer dissociates. 
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Thus both zinc and calcium are required for crystallization, the 
former metal in equimolecular amounts, the latter in large excess. 


DISCUSSION 


Four crystalline a-amylases from different species, purified 
according to four different purification procedures, have each 
been found to contain at least 1 gram-atom of calcium per mole, 
suggesting that they all have in common a small number of sites 
to which calcium is firmly and specifically bound.* B. subtilis 
amylase additionally was found to contain 0.5 gram-atom of zinc 
per mole. All other metals present initially were either re- 
moved entirely or diminished to stoichiometrically insignificant 
quantities during purification. 

The maximum number of cations that amylases can bind is, 
of course, much larger than indicated in Table III. If a crystal- 
line sample of A. oryzae amylase, for instance, is exposed to 
calcium ions, and then dialyzed thoroughly against distilled 
water, the protein will bind as many as 9 or 10 equivalents of 
calcium. Most of this eztrinsically (37) and weakly bound 
calcium can be removed easily during purification and recrystal- 
lization, as indeed can other nonspecifically bound ions, when- 
ever changes in pH, ionic strength, and so forth, occur. This is 
exemplified by the sharp drop in metal content subsequent to 
ammonium sulfate precipitation followed by dialysis (Table I). 
Therefore, the upper limit of the number of cations bound by 
amylases depends on the previous history of the material under 
investigation (21). Such nonspecific binding to polar side chains 
is characteristic of many proteins (38) and is particularly plausi- 
ble for amylases which have acidic isoelectric points ranging from 
pH 4.2 to 5.4 (39, 40) and contain a high proportion (over 25%) 
of aspartic and glutamic acids (32). 

The amount of intrinsically bound calcium is small compared 
to that which is bound extrinsically, and therefore not positively 
related to activity, so that the rise in calcium concentration 
concomitant with the rise in specific activity cannot be observed. 
Removal of all extraneous ions, including extrinsically bound 
calcium, is, however, accompanied by a rise in specific activity, 
in agreement with observations made during the purification of 
several metallo-enzymes (28, 41, 42). 

The presence of stoichiometric quantities both of calcium and 
zinc in B. subtilis amylase is of particular interest. Both metals 
have definite though different roles in this enzyme. The contri- 
bution of calcium has been the subject of this paper. The role 
of zinc as a center of dimerization, peculiar to native B. subtilis 
amylase, has been discussed in preliminary communications (36, 
32) and will be documented further. The formation of a dimer 
appears at this juncture to be the sole function of zinc in this 
system, a mechanism which, however, may have more general 
implications. 

Dialysis of B. subtilis amylase against continuous supplies of 
chelating agents (Table [V) indicated that (a) intrinsically bound 
calcium was not removed completely in any instance, indicating 
that it is bound very firmly; (6) when calcium content is lowered 
below 1 gram-atom per mole of enzyme, however, there is a 
reversible loss of activity, indicating the functional significance 
of calcium; (c) zinc can be removed easily from this protein; 
and (d) under the conditions used, EDTA was found to be the 


8 Schwimmer and Balls (6) have shown that crystalline malt 
a-amylase contains 2 gram-atoms of calcium per mole of enzyme, 
calculated on the basis of a molecular weight of 59,500. 
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only chelating agent capable of decreasing the calcium content of 
this enzyme to less than 1 gram-atom per mole. 

Concomitantly, inhibition of a-amylase has only been observed 
with EDTA. Since inhibition of B. subtilis amylase is accom. 
panied by a removal of calcium, it may be assumed that the 
inhibition of other amylases by EDTA is also the result of the 
removal of this element. The ability of calcium to neutralige 
the action of EDTA and to restore amylolytic activity is support 
for the postulated participation of this metal in the catalytic 
process. The removal of calcium in itself does not cause ap 
irreversible denaturation of the protein molecule. When ap 
irreversible loss of activity in the presence of EDTA is observed, 
it should be ascribed either to improper conditions during the 
exposure to EDTA leading to disruption of the secondary and 
tertiary structure of the metal-free protein or to degradation 
by a proteolytic contaminant (21). A 10,000-fold or greater 
molar excess of the sequestering agent has to be used in order 
to obtain a significant inhibition of human saliva, hog pancreas, 
and B. subtilis a-amylases within a few hours. On the other 
hand, A. oryzae a-amylase seems to bind calcium so strongly 
that it cannot be inhibited even under these conditions. Clearly, 
the apparent intrinsic association constant of the calcium amylase 
complex is sufficiently high so that the protein competes effee- 
tively with this chelating agent. This observation provides, in 
fact, a first approximation to the order of magnitude of the 
apparent intrinsic association constant (7c. 10" to 10"), 

It is of considerable interest that inhibition of the calcium 
enzyme could not be achieved with any other agent tested. 
Even prolonged preincubation or dialysis failed to result in 
changes of specific activity of the enzyme. None of the other 
chelating agents removed any of the intrinsically bound calcium, 
nor did they affect activity even though several of them bind 
ionic calcium. None of them, however, form Ca** complexes 
of stability comparable to that of Ca-EDTA, 

It is not possible, of course, to translate physical-chemical 
measurements of stability constants obtained on ionic systems 
directly to mixed complexes as may exist, if but transiently, in 
protein-metal-inhibitor systems (28, 37). The steric configura- 
tions of apoenzyme and inhibitor respectively, the distribution 
of charge, and similar physical-chemical parameters would 
significantly alter the metal-inhibitor interaction. 

The preventive effect of starch on amylase inhibition by 
EDTA, first noted by Yamamoto (20) on bacterial amylase, has 
also been observed here with human saliva amylase. This 
may be interpreted as indicating that the formation of the en- 
zyme-substrate complex results in a tightening of the configura- 
tion of the amylase molecule, which, in turn, strengthens the 
binding of the metal. Alternatively, starch and EDTA might 
interact with the amylase molecule through a calcium atom. 

It has been demonstrated previously that firmly bound metal 
ions confer resistance to proteolysis upon the amylase molecules 
(21). The present data indicate that calcium is the metal 
responsible for this characteristic. The order of stability of the 
various a-amylases towards EDTA (i.e. amylases from mold > 
bacteria > hog pancreas = human saliva) is akin to that of 
their resistance towards proteolysis (21). It may be inferred 
that both these parameters reflect the affinity of these amylases 
for calcium. It is therefore proposed that calcium, by forming 
a tight metal-chelate structure with the protein molecule, per- 
forms a dual function: on one hand, it maintains the protein in 
the proper configuration for biological activity; on the other 
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hand, it stabilizes the secondary and tertiary structure, thus 
conferring on the amylase molecule a complete resistance to 
proteolytic degradation. 


SUMMARY 


|. Emission spectrographic analyses of crystalline amylases 
from human saliva, hog pancreas, Bacillus subtilis, and Aspergil- 
lus oryzae demonstrate that these enzymes all contain at least 
| gram-atom of very firmly bound calcium per mole of enzyme. 
No evidence could be obtained for the presence of other multi- 
valent cations, except zinc, which is present in bacterial amylase 
in an amount equal to one-half gram-atom per mole. 

2. The calcium content of amylase can be decreased to less 
than | gram-atom per mole by dialysis against ethylenediamine- 
tetraacetate. Incubation with this sequestering agent results 
in inhibition of amylases, the rate of which depends on the bio- 
logical origin of the enzyme. In all instances, the addition of 
an excess of calcium completely reactivates the enzymes. No 
other chelating agent was found to inhibit the enzyme under 
comparable conditions. 

3. A correlation can be established between the affinity of 
native amylases for calcium and their resistance towards proteol- 
ysis. The function of the metal in the activity and stability 
of the enzyme molecule has been discussed. 
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In the previous papers of this series we reported the prepara- 
tion and some physico-chemical properties of native human 
globin and of reconstituted hemoglobin (1-3). Human globin 
was found homogeneous near the isoelectric point in electro- 
phoresis and in the ultracentrifuge. The molecular weight at 
ionic strength about 0.1 and neutral pH, calculated from sedi- 
mentation and diffusion, was found to be about 42,000. In 
order to clarify further the molecular properties of human globin 
a study of this protein was undertaken by the light scattering 
technique, which permits investigation over a wider range of 
experimental conditions. Previous results (4-8) on the molee- 
ular weight of globin and on the size and shape of possible sub- 
units of globin and hemoglobin (Hb) molecules do not appear 
concordant. It is our opinion that the discrepancies may be due 
to the denaturation of the protein owing to the rather drastic 
conditions under which certain experiments have been performed. 
Therefore, we investigated the properties of the globin under 
conditions where present knowledge indicates that the protein 
is really native. The measurements were made near the iso- 
electric point of the protein in salt-free solution or in the presence 
of variable amounts of electrolytes. Indeed it would be desirable 
also to obtain data at pH values far from the isoelectric point, 
but measurements on the native protein must be restricted to 
the very narrow pH range within which the protein remains 
stable and native. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Globin Solutions—Human globin from adult Hb was prepared 
as previously described by acid acetone cleavage (1). The same 
procedure was also used for the preparation of globin from crys- 
talline human fetal Hb. 

The globin solutions (1 to 3% concentration) were obtained 
at the end of the preparation in 0.1 M phosphate buffer or in 
0.1 m NaCl pH 7 to 7.4. In order to remove the salts, the solu- 
tions were dialyzed at 2-5° for 48 to 72 hours against several 
changes of twice distilled water with gentle mechanical stirring. 

After the dialysis no chloride or phosphate ions could be de- 
tected in the globin solutions, the ionic strength of which was 
estimated to be less than 1 & 10-4; the pH of the solutions was 
6.9 + 0.05. The globin solutions were usually stored at 1-2° 
for no longer than a week until used for the light seattering or 
sedimentation experiments. One of the preparations was stored 
for about a month in the frozen state at —25°. Neither storage 
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for a week at 2°, nor for a month at —25°, appeared to produce 
any significant change in the properties of the globin. 

Six adult and 2 fetal globin preparations were used; no appre- 
siable differences were noted between the properties of the various 
samples of the same protein. 

Protein concentrations were determined routinely by spectro- 
photometric readings at 280 my. The extinction coefficient was 
calculated for each preparation of globin on the base of dry 
weight determinations. For adult and fetal globin EY}; was 
near 8.0 at neutral pH, differing not more than 5% for each 
preparation. 

Light Scattering Measurements—The light scattering measure- 
ments were made with a Brice-Phoenix photometer (9). The 
apparatus was calibrated with the opal glass primary standard 
supplied by the manufacturer. The Rayleigh’s ratio for re- 
distilled benzene (British Drug Houses, for molecular weight 
determinations) determined under the same conditions as used 
for the experiments with the proteins, was found to be 17.9 x 
10-° at 546 my and 50.2 & 10°-* at 436 mu. Both these values 
are in good agreement with those reported in the literature (10). 
All the measurements were carried out in the 15- and 30-ml square 
cells and in the 45-ml semioctagonal cell, with the normal opties 
of the apparatus. 

The light scattering determinations were made in a tempera- 
ture controlled room at 15° + 0.5. At this temperature the 
globin is very stable and no change of the turbidity was noted 
when globin solutions (at pH near 7) were allowed to stand in 
the light scattering apparatus for 1 or 2 hours. The solutions 
were clarified by filtration through membrane filters (Membran 
filter, G6éttingen) of pore size less than 0.5 to 0.3 w, or through 
fine and ultrafine sintered glass filters. 

For light scattering measurements, a concentrated solution of 
the protein (usually about 1%) was made up in the desired sol- 
vent and filtered under pressure directly into the light scattering 
cell, care being taken to avoid surface denaturation. The filtra- 
tion was repeated until constant turbidity was reached. After 
the readings were taken, a small amount of liquid was collected 
for the determination of the protein concentration, the solution 
was diluted with the solvent and filtered again in the light scat 
tering cell. The procedure was then repeated for each set of 
experiments, from 5 to 12 protein dilutions being made. Lastly, 
the turbidity of the solvent was measured in the same cell. The 
protein concentration was determined spectrophotometrically 
at the end of the light scattering readings for each of the dilu 
tions used. 

All of the measurements were made at 546 my. The globin 
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solutions employed were almost colorless or pale yellow (owing 
toa very small amount of ferrihemoglobin remaining after the 
cleaving). However, since the optical density of the more con- 
ecentrated solutions (about 2%) was in any case less than 0.15 
at 546 mu (1-em light path) no correction for light absorption 
has been introduced in the calculation of turbidity. 

The water used was redistilled in an all Pyrex glass apparatus. 
The salts were analytical grade reagents and all the salt solu- 
tions were made by dilution from concentrated stock solutions. 

The refractive index increment of the globins was determined 
with a Brice differential refractometer (11). A value of 0.190 
+ 0.03 at 546 my and 15° was found for several preparations of 
adult and fetal globin both in the presence and in the absence 
of salts. 

From this basis the Debye factor, //, in the light scattering 
equation = was taken as 4.00 
both in presence and absence of salt. Turbidity measurements 
at 45 and 135° showed that no significant dissymmetry of scat- 
tering was present in the globin solutions with and without salt 
added. No correction for depolarization has been introduced in 
the determination of molecular weights since recent studies 
indicate that this correction is negligible for proteins (12). 

The systematic error in the determination of molecular weights 
by the light scattering method due to uncertainties of calibration 
and to the error in the determination of the refractive index 
increment may be assumed to be 45%. The standard error of 
the turbidity measurements in the various conditions and with 
the different protein preparations was estimated to be less than 
+5%.! 

Sedimentation Velocity—Sedimentation experiments were made 
at a temperature of about 18° in the Spinco electrically driven 
centrifuge (model E): all of the runs were performed at 59,780 
rp.m. The values of the sedimentation constant, corrected for 
viscosity and density of water at 20°, are given in Svedberg 
units 107"), 


RESULTS 


Molecular Weight by Light Scattering of Human Globin in Phos- 
phate Buffer—A first series of measurements of the molecular 
weights of adult and fetal globin by the light scattering method 
was carried out in phosphate buffer 0.05 to 0.1 mM, pH 7.0. The 
results of such measurements are shown in Table I. In all the 
determinations a straight line was obtained plotting He/r versus 
protein concentration over a range of protein concentration from 
about | to 15 g per liter; the slope of this line was, in these con- 
ditions, zero or very slightly negative. 

The weight average molecular weight obtained by light seat- 
tering measurements (41,000 + 1.000) is in very good agreement 
with the value previously reported by us (1) on the basis of sedi- 
mentation and diffusion experiments (42,000 + 10%). 

Light Scattering of Isoionic Human Adult and Fetal Globins in 
Absence and in Presence of NaCl—In order to ascertain the in- 
fluence of salts on the light scattering properties of human adult 
and fetal globin, another series of experiments was made in which 
the globin was studied at the isoionie pH in the absence of salts 
(total ionic strength less than 1 x 10>‘) or in the presence of 
various concentrations of added NaCl, ranging from 1 x 10-4 
to2m. The results of a set of measurements on one adult globin 
preparation (preparation No. 3) are shown in Fig. 1. 


‘Only at very low protein concentration the error in turbidity 
measurements is higher. 
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TABLe I 
Molecular weight of human adult and fetal globin by light scattering 
KH,PO,-K.HPO, buffer, pH 7; 546 my; 15°. 


Globin preparation | Molecular weight 
x 

0.1 42.7 

Mean + standard error............ 41.0 + 1.0 


* Preparations No. 3 and 4 were dialyzed against water as out- 
lined under ‘‘Methods,’’ before the addition of phosphate buffer 
for the light scattering experiments. Preparations Nos. 1 and 2 
were obtained directly in phosphate buffer at the end of the cleav- 
ing procedure. 


It may be seen that over the range of protein concentration in- 
vestigated, the turbidity of the globin solutions decreases as the 
salt concentration is lowered. This behavior is different from 
that predicted for isoionic proteins (10, 13-15) under the same 
conditions and suggests that the scattering units dissociate into 
compounds of lower molecular weight in the absence of salts. 

The light scattering data give a series of apparent straight lines 
when plotted versus protein concentration, the slope of the lines 
changing gradually from large negative values, in the absence of 
salts, to zero or slight negative values in 0.2 Mm NaCl. 

The values of H/e¢/r in the figure have been extrapolated assum- 
ing them to remain linear with the protein concentration even 
below 0.1 to 0.2% protein. Indeed, since the data in the lowest 
concentration range are of the greatest importance for the evalua- 
tion of the light scattering plots, we attempted to determine, un- 
der the various conditions, the turbidity values of globin in the 
concentration range below | g per liter. Unfortunately, since 
under these conditions the scattering of the protein solutions is 
very low (comparable with that of the solvent alone) the data 
were scattered and did not permit us to determine exactly the 
shape of the light scattering plot in this range. However, no seri- 
ous deviation from the behavior at high protein concentration 
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Fic. 1. Light seattering data of isoionic human adult globin 
(Preparation No. 3) at various concentrations of NaCl. 
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Fig. 2. Light scattering of isoionic human adult globin (Prep- 
aration No. 6) in the low protein concentration range. 
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Fic. 3. Light scattering data of isoionic human fetal globin in 
various concentrations of NaCl. 
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Fic. 4. Apparent weight average molecular weights of human 
adult (O) and fetal (@) globin obtained by extrapolation of light 
scattering data. The data have been obtained with 4 preparations 
(Nos. 3-6) of adult globin, and one preparation (No. 2) of fetal 
globin. 
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was noted (Fig. 2). Therefore, the values of the intercept ob. 
tained from extrapolation have been taken as a measure of the 
weight average molecular weight at low protein concentration, 
For the data shown in Fig. 1 the following values have been ob. 
tained: NaCl 2 X 10-' M, mol. wt. = 43,600; NaCl 2 x 10-*y, 
mol. wt. = 40,800; NaCl 2 K 10-3 mM, mol. wt. = 32,700; NaC} 
2 X 10°‘, mol. wt. = 23,300; NaCl < 1 X 10-‘M, mol. wt. = 
18,500. 

It is interesting to note that there was no significant difference 
in the scattering properties of globin at a fixed NaCl concentra- 
tion, whether the salt was added immediately or 1 or 2 days be. 
fore the measurements. 

The data of Fig. 1 were obtained by light scattering measure. 
ments as outlined in “Experimental Procedure.” In some ex- 
periments, however, small amounts of filtered NaCl solution were 
added to the clarified salt-free globin solution directly in the light 
scattering cell, covering, with the same solution of globin, the 
range of NaCl concentration from 2 10-*to 2 K 10-'m. The 
values of turbidity were the same as those obtained, for equal 
globin concentrations, in the set of data shown in Fig. 1 and were 
attained in less than | minute, the time employed to mix the solu- 
tions and take a reading in the light scattering apparatus. 

Moreover, salt-free globin solutions brought to 0.2 m NaCl 
when again dialyzed against water showed the same behavior as 
the initial salt-free solution. 

In Fig. 3 some results obtained with the globin from fetal hu- 
man Hb are shown. It may be seen that the light scattering data 
for fetal globin are essentially the same as those for adult globin. 

Fig. 4 shows the apparent weight average molecular weight of 
adult and fetal globin preparations (obtained by extrapolation of 
light scattering data over the range above 1.0 g per liter) plotted 
versus the logarithm of the NaCl concentration. The apparent 
molecular weight at ionic strength less than | & 10~-‘ was calcu- 
lated to be about 18,000, corresponding to less than one-half of 
the value in 0.1 to 0.2 mM NaCl. Between | x 10~‘ and 0.1 m 
NaCl the molecular weight of globin appears to increase progres- 
sively as a roughly linear function of the logarithm of the salt 
concentration. Above 0.1 to 0.2 m NaCl the molecular weight 
tends to decrease again. 

It may be also noted that values of weight average molecular 
weight for fetal globin appear very similar to those of adult globin 
at equal salt concentrations. 

Sedimentation Experiments—It seemed of interest, in view of 
the light scattering results, to analyze the behavior of our globin 
preparations in the ultracentrifuge, in the presence and in the ab- 
sence of salts. 

It has been found that the globin, at pH near the isoelectric 
point, appears homogeneous either in the absence or in the pres- 
ence of salt and shows one symmetrical boundary in the ultra- 
centrifuge, even after very long runs (see Fig. 5). The boundary 
in the absence of salts appeared to be slightly broader than in 
presence of salts. 

The values of the sedimentation constants have been calcu- 
lated for several protein concentrations, and, as may be seen in 
Fig. 6, the sx value shows a small, but significant increase with 
the increase of salt concentrations. The values of so, were 2.30 
in water (less than | 10-4 m NaCl), 2.42 at 5 10-* Mm, and 
2.61 at 5 10°? NaCl. The slopes of the curves of sx versus 
globin concentration are similar for the different salt concentra- 
tions and are slightly negative (Fig. 6). Globin from fetal hemo- 
globin behaved similarly, and only one apparently homogeneous 
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hic. 5. Sedimentation pattern of human adult globin in phos- 
phate buffer, 0.05 Mm, pH 7. The picture was taken 150 minutes 
after reaching the full speed of 59,780 r.p.m. Sedimentation 
proceeds from right to left. 
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hia. 6. Concentration dependence of sedimentation constant 
of isoronie human adult globin. 


and symmetrical boundary was observed in the ultracentrifuge 
either in the presence or in the absence of salts. A plot of sedi- 
inentation constants as a function of protein concentration re- 
sulted in very nearly straight lines with small negative slopes. 
The value of 83,. = 2.36 and s3o,, = 2.59 were found, respec- 
tively, in absence and in presence of salts. 

Properties of Protohemoglobin Reconstituted from Salt-free Hu- 
man Globin—In order to ascertain that the prolonged dialysis 
against water and the apparent dissociation did not modify the 
properties of the globin, adult protohemoglobin was reconstituted 
from the globin and some properties of this reconstituted pig- 
ment were analyzed. 

The following data were found for the oxygen equilibrium: 
natural Hb: log p} = 0.98, n = 2.8; reconstituted Hb: log p} = 
0.90; nm = 2.6 (20°; phosphate buffer 0.1 M, pH 7). 

The sedimentation constant of the reconstituted Hb was found 
to be 4.5.8 (phosphate buffer 0.05 M, pH 7). 


DISCUSSION 


The light scattering data for human adult and fetal globin for 
these proteins in phosphate buffer gave an apparent molecular 
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weight of 41,000, in good agreement with the value previously de- 
termined by sedimentation and diffusion (1). The experiments 
on the isoionic globins in the absence and in the presence of vari- 
able amounts of NaCl showed an unusual behavior when com- 
pared to the data reported for other proteins in the same condi- 
tions (13-15). The results can be qualitatively interpreted as 
indicating a progressive dissociation of the globin as the salt con- 
centration is lowered. 

In the case of isoionic proteins (in absence of dissociation or 
other modifications of the protein) the turbidity of the solution is 
greater at very low salt concentration, increasing as the salt con- 
centration in the medium is raised, and the light scattering data 
can be extrapolated easily in any case to give the same correct 
value of molecular weight.2 

It is possible to exclude the hypothesis that the increase in the 
apparent weight average molecular weight of the isoionic human | 
adult and fetal globin, observed by light scattering in presence of 
salts, is due to nonspecific factors such as the presence of high 
molecular weight impurities or gross aggregation of the protein. 
Indeed, the effect of salts on the scattering properties is entirely 
reversible, the results are readily reproducible with different 
globin preparations, and there is no dissymmetry of scattering in 
the presence of salt. Moreover, human adult and fetal globins 
appear homogeneous in the ultracentrifuge and there is, at ionic 
strength about 0.1, a very good agreement between the molecular 
weight calculated from the light scattering data and that obtained 
from sedimentation and diffusion. Therefore, the data presented 
in this paper can be explained only on the assumption that the 
isoionic globin dissociates into subunits in the absence of salts. 

It is difficult to give a precise significance to the slopes of the 
light scattering data. In this case they result from the term B 
of the Debye equation (Hce/rt = (1/M) + 2 Be), which is in large 
part an expression of the electrostatic interactions within the sys- 
tem, and from the contribution of dissociation as predicted by 
the mass law. All the light scattering data obtained so far on dis- 
sociating systems have been obtained under conditions in which 
the electrostatic term could be reasonably taken as zero, or could 
be properly evaluated for all the molecular species (10, 13). This 
is not the case for the experiments with the globin (particularly 
since the dissociation into subunits of probable different charge 
occurs only at very low salt concentration) so it does not appear 
possible in our case to evaluate quantitatively the relative contri- 
bution of the two factors to the shape and magnitude of the slopes 
in the light scattering plots. For this reason, and because of the 
impossibility of obtaining accurate values of turbidity at very 
low protein concentrations, the average molecular weights of the 
globin at different salt concentrations could only be estimated 
from the apparent intercept of the light scattering data. 

The minimum weight average molecular weight both for adult 
and fetal globin in the absence of salts is found to be about 18,000, 
a value corresponding very nearly to } of the molecular weight of 
beth adult and fetal hemoglobin. Since the Hb, at least the 
adult form, is made up of two equal pairs of polypeptide chains, 
in such conditions the globins appear to exist in solution mainly 
in the form of subunits each made up by one polypeptide chain. 

As the salt concentration is raised, an equilibrium should be 


2QOnly in the complete absence of salt there is, for isoionic 
proteins, a small increase at very low protein concentration of the 
value of He/r (about 3 to 7°7). However, this effect, for several 
reasons, would not significantly modify the results obtained in 
our conditions on the globin. 
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rapidly established between the subunits and aggregates of higher 
molecular weight. 

The existence of such rapidly established equilibrium is indi- 
cated by the light scattering data and by the finding of only one 
symmetrical component in the ultracentrifuge. 

In the presence of 0.05 to 0.2 m NaCl or phosphate buffer, at 
pH near the isoelectric point, the molecular weight corresponds 
to that obtained for the same material by other methods, and, as 
noted before, is higher than half of the molecular weight of hemo- 
globin. It appears therefore that, in this case, the association- 
dissociation process between the subunits is not limited to the 
formation of molecules of half the molecular weight of Hb. It is 
notable that in these conditions the globin still appears homo- 
geneous in the ultracentrifuge and in free boundary electro- 
phoresis even after very long runs. 

On the basis of the results obtained in the present work it is, 
however, difficult to formulate the exact mechanism and modality 
of the association-dissociation reaction between the globin sub- 
units. One possible hypothesis which would be compatible with 
the experimental data now available, would be to consider the 
equilibria existing in the globin solutions mainly in terms of the 
two equations: 


a+ — a8 
a8 + aB — (aB)2 


where a and @ indicate the two different kinds of polypeptide 
chains present in the Hb molecule. The first equilibrium would 
be predominant at low ionic strengths, the second at high ionic 
strengths. However, other possibilities cannot be excluded. 

Further interesting features about this point come out from 
the sedimentation experiments performed under the same condi- 
tions as used for the light scattering measurements. As reported 
before, the sedimentation pattern of the globins in water and at 
the different salt concentrations is characterized by the presence 
of one symmetrical boundary. The finding of apparent homo- 
geneity in conditions in which several molecular species should be 
present, is in perfect agreement with the hypothesis of a very 
rapidly established equilibrium between the different molecular 
species (16, 17). 

Moreover, the large increase in the weight average molecular 
weight of the globin, when salts are added to the solutions, is ac- 
companied by only a very slight increase in the sedimentation 
constant of the protein. This suggests that the increase in mo- 
lecular weight is accompanied by a change in the average shape 
of the molecules, which progressively depart from a spherical 
compact model. 

With regard to the implications of our results for knowledge of 
the structure of hemoglobin, the following points should be con- 
sidered. The cleaving of the Hb or globin molecule into subunits 
of molecular weight about 17,000 has been demonstrated so far 
only under rather drastic conditions as at very acid pH values or 
in concentrated urea and mercaptoethanol solutions.’ In these 


§ Unpublished experiments of the authors have shown that at 
pHs from 3 to 6, where the globin is denatured, there is a progres- 
sive increase with time, in 0.2 Mm NaCl, of the weight average 
molecular weight of the globin. After 30 to 40 hours weight 
average molecular weights of the order of 500,000 are obtained, 
with formation of definite components of high sedimentation 
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conditions the protein is denatured and extensive structural «is- 
organization would have occurred in the polypeptide chains, tl.us 
making the results of little significance for the understanding of 
the architecture of the native hemoglobin molecule. The results 
of the present work show that the subunits of the globin molecule 
may be obtained under conditions in which they retain all the 
specific properties of the native protein. Indeed, the experi- 
ments performed with hemoglobin reconstituted from the glolin 
dialyzed against water showed that there was no significant differ- 
ence between the reconstituted Hb and the native pigment. The 
results of these experiments (which even in this case confirm our 
previous results) (1, 2, 18) indicate that the globin subunits are 
always capable, when joined with the hemes, of rearranging them- 
selves as in the natural protein and of maintaining the original, 
mutual, structural, and functional relations. 


SUMMARY 


The molecular properties of native human adult and fetal glo- 
bin have been studied by light scattering and sedimentation. 

The molecular weight of the globins in phosphate buffer 0.05 
to 0.1 M, pH 7, has been found by light scattering about 41,000, 

The light scattering data for the same proteins in the absence 
and in the presence of various NaCl concentrations indicate that 
the globins dissociate into subunits in the absence of salts. 

Light scattering and sedimentation data suggest the occurrence 
of rapidly established equilibria between different molecular spe 
cies in solutions of adult and fetal globin. 
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constants in the ultracentrifuge. These phenomena can be 
reversed by decreasing the pH and the ionic strength and will be 
described in detail elsewhere. 
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It has been shown that limited proteolysis of bovine pancreatic 
ribonuclease (RNase-A)! by subtilisin results in a fully active, 
modified enzyme (RNase-S) in which one peptide bond present 
in RNase-A has been hydrolyzed. Fractionation of RNase-S 
leads to two enzymically inactive components, a 20-amino acid 
residue peptide (S-Peptide) and a protein (S8-Protein) made up 
of the other 104 amino acids of RNase-A. Mixing equimolar 
amounts of the two components results in the formation of a 
reconstituted enzyme (RNase-S’) whose activity is nearly the 
same as that of RNase-S. The available evidence points to an 
extremely strong and specific interaction between the two com- 
ponents (1, 2). 

It is not possible at this stage to decide whether the “catalytic 
site” of RNase-S is associated with the peptide component, the 
protein component, or the region of contact between the two 
components (3). The strength of the interaction is sufficient to 
produce considerable changes in the conformation of the sepa- 
rate components on association. Thus any of the three alterna- 
tives or some combination of them is possible. As part of the 
attempt to define the structural differences of these various 
ribonuclease derivatives, a preliminary study has been made of 
their interaction with antisera against native RNase. Since 
antigen-antibody interaction occurs at a number of sites on the 
antigen molecule, the results provide evidence of structural 
changes that is quite different from that given by enzymic ac- 
tivity measurements (4). 


METHODS 


Preparation of Antibody—The antisera were initially prepared 
in connection with other studies.? Rabbits were given sub- 
cutaneous injections of 10 to 15 mg of bovine pancreatic ri- 
bonuclease (Armour Lot No. 381-059 used without further 
purification) mixed with Freund’s complete adjuvant (Difco 
Laboratories, Detroit, Michigan). Two injections spaced 3 
weeks apart were usually sufficient to induce a strong immune 
response Which lasted as long as 4to6months. The rabbits were 
bled from the ear at weekly intervals, and the high titer antisera 
were pooled. Two independent pools were used in this study, 


* Aided by grants from the United States Public Health Serv- 
ice and from the National Science Foundation. 

t Contribution No. 1568. 

' The abbreviations used are: RNase-A, the principal chromato- 
graphic component of native ribonuclease; RNase-S, subtilisin- 
modified ribonuclease; S-Peptide, the 20-residue peptide compo- 
nent obtained from RNase-S; S-Protein, the protein component 
obtained from RNase-S; RNase-S’, the reconstituted enzyme ob- 
tained by mixing equimolar amounts of S-Peptide and S-Protein. 

?P. Stelos, J. Fothergill, and 8. J. Singer, to be published. 


designated I and II. With Pool I, the entire antiserum was di- 
luted to ‘5 its concentration with phosphate buffer, pH 7.5, 
ionic strength 0.1, and this diluted solution was used in the 
precipitin titrations. Pool II was brought to 40% saturation 
with ammonium sulfate. The precipitate, containing mainly 
the y-globulin fraction, was washed free from the soluble serum 
protein and stored at 5°. For use in the precipitin titrations 
this precipitate was dissolved in the phosphate buffer indicated 
above to give a concentration of anti-RNase roughly equivalent 
to that in the diluted Pool I solution. 

Ribonuclease Derivatives—The preparation of RNase-A, RN- 
ase-S, S-Protein, and S-Peptide has been described (2). Two 
separately prepared sets of these derivatives have been used, 
designated I and II. Fresh solutions of the dry powders were 
used in the experiments to be described. RNase-S’, the recon- 
stituted enzyme, was prepared by mixing equimolar amounts of 
the S-Protein and S-Peptide solutions. In order to interconvert 
molar concentrations and weight concentrations the following 
approximate molecular weights were assumed: RNase-A = RN- 
ase-S = RNase-S’ = 13,700; S-Protein = 11,500; 5-Peptide = 
2200. 

Antigen-Antibody Precipitin Titrations—A comparison was 
made of the precipitating capacity of the various RNase deriva- 
tives with antibody prepared against the commercial RNase. A 
set of dilutions of each of the four antigen species, RNase-A, 
RNase-S, RNase-S’, and S-Protein, was prepared, successive 
dilutions differing in concentration by a factor of 1.20. In all 
cases, unless otherwise stated, the diluent was phosphate buffer, 
pH 7.5, ionic strength 0.1. Similar dilutions in each set had the 
same molar protein concentration. One milliliter of the ap- 
propriate antibody solution was added to 1 ml of each dilution. 
After 30 minutes at 37°, the precipitates were allowed to form 
for 24 hours at 6°. They were then centrifuged and washed 3 
times with 1% NaCl. After digestion the nitrogen content was 
determined with Nessler’s reagent. The total weight of protein 
in the precipitate was taken as 6.25 times the measured nitrogen 
value. 

Enzyme Activity Assays—Attempts were made to determine 
the amount of soluble antigen in the neighborhood of the equiva- 
lence zone by enzymic activity measurements on the supernatant 
liquids obtained after centrifugation of the antigen-antibody pre- 
cipitates. Assays were performed by the techniques previously 
described (2), with either ribonucleic acid as a substrate at pH 
5 or 7.5 or uridine 2’ ,3’-phosphate at pH 7. Excess S-Peptide 
was added to the solution containing S-Protein since the latter, 
by itself, is enzymically inactive. The solutions of the other 
antigens were assayed directly. In all but one case, the amount 
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Fic. 1. Precipitin titrations with Pool I antisera and Set I 
RNase derivatives. The solvent was phosphate buffer, pH 7.5, 
ionic strength 0.1. O——O, RNase-A; O-——O, RNase-S; 
x x, RNase-S’; @, S-Protein. 


of antigen was estimated from assays of enzyme solutions of 
known concentration under the same conditions of temperature, 
pH, and ionic strength, but in the absence of antibody. The 
problem of inhibition by antibody is discussed below. 


RESULTS 


The data on the precipitation of the Pool I antisera with the 
antigen set I are given in Fig. 1. In Fig. 2 are plotted the corre- 
sponding data for the Pool II antisera with antigen set I]. Con- 
sider first the similarities in the two sets of data. The maximum 
amount of antibody precipitated by S-Protein was substantially 
less than that precipitated by RNase-S. On mixing S-Protein 
and S-Peptide to produce the reconstituted enzyme, RNase-S’, 
the precipitating action was almost entirely recovered. In other 
experiments, these results were shown to be independent of the 
time of formation of the precipitates between 24 and 168 hours. 
The losses in precipitability which were observed were therefore 
not due to rate phenomena. 

Experiments were performed with S8-Peptide to determine 
whether it could precipitate anitbody directed to RNase. At 
molar concentrations of S-Peptide equivalent to those of the 
other RNase derivatives used in the experiments of Figs. 1 and 
2, no precipitation was observed. Only at much larger concen- 
trations of the peptide did any precipitate form, and this could 
be quantitatively accounted for by assuming that 5-Peptide was 
contaminated with about 1% S-Protein. Thus, 0.80 mg of 
S-Peptide precipitated 0.202 mg of protein from a solution of 
Pool I antibody, whereas 0.010 mg. of S-Protein precipitated 
0.190 mg of protein from the same antibody solution. This 
amount of contamination is compatible with the trace of enzymic 
activity (1°.) found for this S-Peptide preparation. 

In order to determine whether S-Peptide was an inhibitor of 
the RNase-antibody reaction, mixtures were prepared containing 
a fixed amount of RNase-A and different quantities of S-Peptide 
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Fic. 2. (Bottom) Precipitin titrations with Pool II antisera 
and Set Il RNase derivatives. Other conditions and symbols 
identical with Fig. 1. (Top) Estimates of soluble antigen in 
some of the supernatant liquids below. O, RNase-A from assays 
with RNA in phosphate buffer at pH 7.5, ionic strength 0.1; &, 
S-Protein from assays with RNA in phosphate buffer at pH 5, 
ionic strength approximately 0.1 (referred to standards run in the 
presence of a large excess of antibody, and thus probable over- 
correction for inhibition); @, S-Protein from assays with uridine 
2’,3’-phosphate at pH 7, 0.3 Mm NaCl (no buffer). 


TaBLe 
Test for inhibition of precipitation by S-peptide* 


0.45 
0.73 


0.05 
0.74 


S-Peptidet ..... 
Specific precipitateT. 0.74 


0.15 
0.76 


* Kach tube contained 1 ml of Pool I antisera and | ml of a 
solution containing 0.035 mg of RNase-A and the indicated 
amount of S-Peptide. The solvent was phosphate buffer, pH 
7.5, ionic strength 0.1. 

t Values are given in mg. 


up to a 90 molar excess of the latter. Pool I antibody was then 
added in an amount corresponding to the equivalence point of 
the RNase-A titration curve of Fig. 1. The results, given in 
Table I, indicate no significant inhibition. 

The data of Figs. 1 and 2 differ in one major respect: in the 
former series of experiments, a marked reduction was observed 
in the maximum precipitation obtained with RNase-S and RN- 
ase-S’ as compared to RNase-A, whereas in the latter only a small 
reduction was noted. Since two different antibody pools and 
also two different preparations of RNase derivatives were in- 
volved, it was necessary to determine which factor was responsi- 
ble for the difference. At the time the second series of experi- 
ments were performed, Pool I antibody was no longer available. 
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However, the precipitin curves of the two different RNase-S 
preparations with Pool II antibody were obtained, and were 
essentially identical. Therefore, the difference in the precipitin 
curves of RNase-S in Figs. 1 and 2 must be attributed to dif- 
ferences in the two antibody pools. 

In order to facilitate the interpretation of these precipitin 
curves, enzyme activity measurements were made on some of the 
supernatant liquids. It is known (5-7) that the activity of 
RNase towards RNA at neutral pH is strongly inhibited by com- 
bination with antibody. In those supernatant liquids containing 
antibody, therefore, the sensitivity of the assay procedure is 
markedly reduced and quantitative results are rendered some- 
what uncertain. These qualifications must be considered in in- 
terpreting the following observations. 

In assays carried out at pH 7.5 with RNA as substrate, en- 
zyme activity could easily be demonstrated in the supernatant 
liquids in the region of antigen excess as shown in Fig. 2. Con- 
trol assays with 2.4 we of RNase-A in the presence of 1 ml of 
Pool Il antibody solution showed 27% of the activity found 
in the absence of antibody. At the point of maximum precip- 
itation for RNase-A, RNase-S, and RNase-S’, the measured 
activity in the supernatant liquids was very low. If due consid- 
eration is given to the experimental error of the assay, and al- 
lowance is made for as much as 80% inhibition, the maximum 
possible soluble antigen was less than 5% of the total for each 
of these three substances. In antibody excess, the amounts 
of these three antigens in solution were undetectable. For 
RNase-A, these results are in agreement with those of Cinader 
and Pearce (6). 

With uridine 2’,3’-phosphate as substrate the inhibition of 
RNase by combination with antibody is very much less than 
with RNA (7). With this low molecular weight substrate the 
assays on the supernatant liquids from the RNase-A preeipitin 
experiment again indicated little or no soluble antigen at the 
point of maximum precipitation. With RNase-S, RNase-S’, 
and S-Protein, however, no activity at all could be demonstrated 
even in the region of large antigen excess. In all the assays the 
low concentration of enzyme to be expected required the use of 
large aliquots of the supernatant solutions. The failure to ob- 
serve activity in the case of the subtilisin-modified RNase deriva- 
tives was traced to a very strong inhibition by the inorganic 
phosphate present in the assay mixtures. The phosphate in- 
hibition of these derivatives is many times larger than that ob- 
served with native RNase under similar conditions. 

A new set of precipitin experiments was carried out with con- 
ditions identical to those indicated for Fig. 2 except that the 
phosphate buffer was omitted and 1% sodium chloride was used 
as the solvent. The pH of the protein solutions was adjusted to 
7.5 before mixing without the addition of buffer salts. The pre- 
eipitin curves obtained corresponded very closely to those shown 
in Fig. 2. The evelic phosphate substrate could then be used. 
Control assays with 5 wg of RNase-S’ in the presence of 1 ml of 
Pool IL antibody solution showed 65% of the activity found in 
the absence of antibody. At the point of maximum precipita- 
tion essentially no soluble antigen could be demonstrated with 
RNase-A, RNase-S, and RNase-S’ confirming the RNA assay 
results. 

The enzyme activity results with the S-protein solutions dif- 
fered qualitatively from the others. As is evident in Fig. 2, ap- 
preciable antigen was left in the supernatant liquid at the point 
of maximum precipitation, and even into the region of antibody 
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excess. At the maximum point the soluble antigen was esti- 
mated to be less than 15% of the total antigen whereas the 
amount of precipitate was 25 to 30% less than was obtained 
with RNase-S. 


DISCUSSION 


The reaction of RNase and its antibody has been the subject 
of recent detailed studies (4, 6,7). This investigation has been 
concerned specifically with a comparison of the immunochemi- 
cal behavior of RNase and its subtilisin-modified derivatives. 

The only known change in covalent structure during the trans- 
formation of RNase-A and RNase-S is the hydrolysis of a single 
peptide bond. If other structural changes occur simultaneously, 
they have not been directly demonstrated and can have no effect 
on the enzymic activity of the molecule. That such changes may 
indeed occur has been suggested (2) on the basis of the marked 
differences between the native and modified enzymes in suscepti- 
bility to digestion by trypsin. The large difference in maximum 
precipitation between RNase-A and RNase-S shown in Fig. 1, 
may be considered additional evidence for a change in secondary 
structure. The much smaller change noted in Fig. 2 must be 
attributed to a difference in the antibody pools used for the two 
experiments. The first pool may have contained an antibody 
which was not present in the second, this type of antibody having 
been directed towards an antigenic site which was altered or de- 
stroved by the rupture of the peptide bond. Studies with single 
rabbit, first course antisera are indicated to investigate this fea- 
ture further. 

The most striking result of these studies is the marked change 
produced in the precipitin characteristics of RNase-S upon re- 
moval of S-Peptide, and the almost complete recovery of these 
characteristics on recombination. This behavior parallels the 
complete loss and complete recovery of enzymic activity. Since 
antigen-antibody interactions are known to be highly sensitive 
to alterations in the secondary structure of antigens, this result 
provides strong evidence that the over-all molecular configura- 
tions of RNase-S and RNase-S’ are very similar.® 

Since S-Peptide neither precipitates antibody to RNase nor 
inhibits the precipitation of RNase-A by antibody, it is verv un- 
likely that it retains any intact antigenic sites of the original 
molecule. It is interesting in this connection that performic 
acid-oxidized ribonuclease, which contains S-Peptide as its NH-- 
terminal segment (except for oxidation of the single methionine 
residue to the sulfone), has been shown to have no capacity to 
inhibit (7). In contrast, Porter (8) has obtained a fragment 
of bovine serum albumin which does not precipitate antibovine 
albumin but which readily inhibits the precipitation of the na- 
tive antigen. 

The fact that S-Protein is capable of precipitating antibody to 
RNase demonstrates that the polypeptide configuration present 
in the original molecule has not been extensively disrupted. — If 
S-Protein is considered to be a unique chemical species, the low- 
ered capacity for combination with antibody has three limiting 


*Small but consistent differences have been noted in the pre- 
cipitin curves for these two antigens. A somewhat larger amount 
of RNase-S’ than of RNase-S is required to give the same amount 
of precipitate. This may reflect a small amount of denaturation 
of an antigenic site in RNase-S’ which has no effect on the en- 
zymic activity. Measurements of absorption speetra and of 
chromatographic behavior (J. Allende and F. M. Richards, un- 
published data) also indicate that these two forms of the enzyme, 
although structurally very similar, are probably not identical. 
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explanations: (a) Removal of S-Peptide causes a configurational 
change in the S-Protein portion of the original molecule and the 
consequent loss of an antigenic site initially present in that por- 
tion. (b) S-Peptide contains an antigenic site by virtue of the 
rigid configuration impressed on it by combination with S-Pro- 
tein. This structure and thus the combining capacity are lost 
on dissociation. (c) An antigenic site exists in the contact region 
between S-Peptide and S-Protein. These same possibilities have 
been put forward in connection with the loss of enzymic activity 
on separation of the two components (3). On the basis of avail- 
able data no decision can be made among these alternatives for 
either the enzymic or immunochemical observations. 

On the other hand, the relatively flattened and broadened 
shape of the precipitin curve for S-Protein suggests that the 
latter is not a single molecular species but a mixture of closely 
related antigens. This could also account for the appreciable 
fraction of antigen remaining soluble in antibody excess. Inde- 
pendent evidence indicating heterogeneity of S-Protein has re- 
cently been obtained from studies of its chromatographic be- 
havior on carboxymethyl] cellulose.4 Such heterogeneity might 
be due to configurational isomers or to polymers obtained by 
aggregation. There is no evidence that S-Protein is heteroge- 
neous with respect to composition. 


4 J. Allende and F. M. Richards, unpublished data. 
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SUMMARY 


A comparison has been made of the ability of ribonuclease, sub- 
tilisin-modified ribonuclease, and the peptide and protein com- 
ponents of the latter to precipitate antisera prepared against the 
native enzyme. No evidence could be obtained for any interac. 
tion between the antibody preparation and the free peptide com- 
ponent. The protein component precipitated less antibody than 
the protein-peptide combination near the equivalence point. 
The modified enzyme and the enzyme reconstituted from the two 
components showed very similar precipitin curves. The rela- 
tion of these observations to the structures of the various anti- 
gens is discussed. 
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In a previous paper (1) it was reported that during the reaction 
of beef pancreatic ribonuclease with the calcium salt of the mild 
phosphorylating agent, | ,3-diphosphoimidazole' (2), phosphoryl- 
ation and extensive inactivation of the enzyme occurred. Evi- 
dence was presented that an acid-labile protein-phosphate bond 
was formed with the most likely involvement of e-amino groups 
of lysine residues. The irreversible inactivation of the enzyme 
was not accompanied by far reaching structural changes. The 
specific rotation of the protein changed little and its exceptional 
resistance to tryptic hydrolysis (3) was lowered only slightly, if 
at all, as a consequence of phosphorylation. The phosphorylated 
protein had a sedimentation constant similar to that of the native 
enzyme and on electrophoresis several components were shown 
the mobilities of which agreed with those estimated for singly 
and more highly phosphorylated ribonuclease molecules. The 
present communication describes the chromatographic purifica- 
tion of the phosphorylated derivatives of ribonuclease and reports 
data showing that the introduction of a single phosphate group 
is sufficient to bring about nearly complete inactivation of the 
enzyme. 

EXPERIMENTAL 


Materials—Crystalline beef pancreatic ribonuclease was an 
Armour product (Lot No. 381-059). The enzyme preparation 
was fractionated chromatographically on a carboxymethyl! cellu- 
lose column (4) and the major fraction, ribonuclease A (5) (iden- 
tical with component D of ribonuclease as described in (4)), was 
used. Yeast ribonucleic acid was a Schwarz preparation (Lot 
No. NH 5732). It was extensively dialyzed against water and 
then lyophilized. The calcium salt of 1 ,3-diphosphoimidazole 
was prepared as described by Rathlev and Rosenberg (2). Car- 
boxymethyl cellulose was prepared according to Peterson and 
Sober (6). The Dowex 50 cation exchanger resin (Bio-Rad 
Laboratories, AG 50W-XS8, 100 to 200 mesh) was used after 
conversion from the hydrogen to the sodium form. 

Methods—Ribonuclease activity measurements were carried 
out by the spectrophotometric assay method of Kunitz (7). 
Inorganic phosphate determinations were made according to 
Sumner (8). Samples containing organic phosphate compounds 
were digested as described by Robertson and Boyer (9). Nitro- 
gen analyses were carried out by the Kjeldahl method as de- 
seribed by Miller and Houghton (10). Calcium was estimated 
according to Cheng et al. (11). Chromatographic analyses of 
the phosphorylated protein preparations were made by the 


* This investigation was aided by grants from the Eli Lilly 
same tga and the Yale School of Medicine Medical Fluid Research 
und. 
_ ' The cation of the salt of diphosphoimidazole will be identified 
in parentheses where necessary. 


method described previously (4). During incubations at a given 
temperature the pH of reaction mixtures was kept constant by 
means of a pH-stat (Radiometer Autotitrator, Type TTT1la; 
see (12)), equipped with an efficient glass stirrer and an Agla 
microburette filled with standard NaOH solution. The air space 
above the reaction mixture was flushed with nitrogen saturated 
with water vapor at the temperature of the incubation to keep 
atmospheric carbon dioxide out of the reaction vessel. Measure- 
ments of pH were made with a Beckman model G pH meter. 
Spectrophotometric measurements were carried out with a Beck- 
man model DU spectrophotometer. 

Incubation mixtures of ribonuclease and diphosphoimidazole 
(ealeium salt) invariably contained a white precipitate at the 
end of the reaction. Any analyses carried out on the incubation 
mixture were made on a clear filtrate. Spectrophotometric 
estimation of the protein in the filtrate showed that it contained 
essentially all (90 to 99%) of the initial amount of protein. The 
nature of the precipitate was not established; it was soluble in 
acid, contained 13% P and amounted to 15% of the total solid 
material present in a reaction mixture which had been incubated 
for 11 hours. 

Incubation mixtures of ribonuclease and diphosphoimidazole 
(sodium salt) were prepared in two ways. A given amount of 
diphosphoimidazole (Ca) was ground with a few milliliters of 
0.1 to 0.6 mw Na.CO, for 1 minute, the CaCO; was removed by 
brief centrifugation, and the supernatant fluid was adjusted to 
pH8 with HCI (2). The alternative method? consisted of stirring 
an aqueous suspension of a given amount of diphosphoimidazole 
(Ca) with about 25 equivalents of Dowex 50 ion exchanger in 
the sodium form for 5 to 10 minutes, followed by centrifugation. 
The supernatant fluid was used after adjustment to pH 8. The 
extent of the conversion of calcium salt to sodium salt was 
checked in several ways. The amount of phosphate in the super- 
natant fluid obtained by either the carbonate or the ion exchange 
method accounted fully for the phosphate introduced as the cal- 
cium salt of diphosphoimidazole. Paper chromatography (2) 
of the supernatant fluids showed no extensive hydrolysis of the 
diphospho-compound to monophosphoimidazole. A complexo- 
metric titration (11) showed no calcium (less than 1% of the 
original amount) present in the supernatant fluid. Thus the 
concentration of diphosphoimidazole solutions was expressed on 
the basis of the weight of diphosphoimidazole (Ca) used to pre- 
pare these solutions. Freshly prepared solutions of diphos- 
phoimidazole were added to solutions of ribonuclease and any 
other component at “zero time”’ of the incubation period. 

The reaction mixtures were chromatographed on carboxy- 


? 1 wish to thank Dr. Thomas Rosenberg for a personal com- 
munication concerning this method. 
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methyl cellulose columns (4). The mixture was first diluted 
with water if necessary to reduce the salt concentration to less 
than 0.01 m. All solutions were adjusted to pH 8, if required, 
before placing them on the column. The column effluent solu- 
tion was analyzed for ultraviolet light-absorbing material, ribo- 
nuclease activity and phosphorus content. Protein concentra- 
tion was estimated by means of optical density readings at 280 
my (molar extinction coefficient of ribonuclease A at pH 8: 
9,630). In calculations of the recovery of material in the efflu- 
ent solution a correction was made for “base line” (see blank 
chromatogram described in (4)). The figures showing chroma- 
tographic effluent patterns were not corrected in this fashion. 
Molar concentrations were calculated with 14,000 for the molec- 
ular weight of ribonuclease (13) and 393 for diphosphoimidazole 
(Ca) (CsH3N2-P20¢-Cai.5-6HO) (2). 
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REACTION TIME (minutes) 
Fic. 1. Rate of inactivation of ribonuclease during reaction 
with diphosphoimidazole; 0.178 mM ribonuclease, 6.35 mM diphos- 
phoimidazole (Ca), 37.0°. 
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RESULTS 


Rate of Reaction between Ribonuclease and Diphosphoimidazole 
(Ca)—The curves in Fig. 1 show that the rate of inactivation 
of ribonuclease follows first order kinetics until over 50% in- 
activation (the apparent velocity constants were 0.0099 min™' at 
pH 8, and 0.0043 min~ at pH 9) but as the reaction proceeds 
further it becomes slower than first order kinetics would require. 
It might have been expected that the rate could be measured by 
determination of H* liberation, since both the phosphate trans- 
fer from diphosphoimidazole to the protein and the spontaneous 
hydrolysis of diphosphoimidazole produce acid: 


\ 


protein-H 
N—PO,7 + or 
H,.O 


Protein-PO,” 
N N—PO,” + or 
HPO,” 


+H 


However, the rate of spontaneous hydrolysis is of the same order 
of magnitude as the rate of phosphorylation and the hydrolysis 
rate at pH 9 is nearly twice the rate at pH 8; consequently the 
rate of alkali consumption required to keep a constant pH is not 
an accurate measure of the phosphorylation rate. 
Chromatography of Phosphorylated Ribonuclease—Separation of 
phosphorylated protein from the phosphorylating agent and its 
hydrolysis products, and fractionation of the phosphorylated 
derivatives of the enzyme were achieved by column chromatog- 
raphy. A typical elution pattern is shown in Fig. 2. The re- 
coveries of protein, phosphorus, and the enzymatic activity in 
each chromatographically separated component are listed in 
Table I. Component A is presumably identical with ribonu- 
clease A since it emerges in the same position as unchanged 
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Fic. 2. Chromatography of phosphorylated ribonuclease. 
methyl)aminomethane-HCl buffer, pH 8.0, 2°, NaCl gradient. 


and diphosphoimidazole (Ca) (25.4 mm); 2 hours, 37.0°, pH 8.0, 45% of enzymatic activity remained. 


O ---O, phosphorus concentration. 
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protein (see (4)). It is essentially free from phosphorus and its 
specific activity is not reduced. Of the remaining components 
only those were analyzed which had optical densities at 280 mu 
higher than 0.040. All of these components (P, through Ps) 
represent phosphorylated derivatives of ribonuclease. It is of 
interest that P,, Ps, and P, are all monophosphorylated species 
inactivated to a widely different degree and appearing in distinct 
positions in the effluent solution. The major component (P)) 
is the one least active enzymatically. The phosphorus content 
of P, could not be estimated since it appears at the solvent front 
overlapping with unreacted phosphorylating agent and inorganic 
phosphate. It is likely that P, consists of a mixture of more 
highly phosphorylated species. 

Variations in the reaction time resulted in changes in the com- 
position of the reaction mixture. On longer incubation (up to 
18 hours) the proportion of unchanged enzyme could be reduced 
to as little as 7% with corresponding increases in the amounts 
of the phosphorylated species. Significantly, the relative 
amounts of the monophosphates varied little, if at all, with vari- 
ations in the reaction time. Except for a single instance (see 
“Discussion”), there was always about 4 times as much P, formed 
as P, and P,; combined. The phosphate analyses and enzyme 
assays Vielded results which were fairly reproducible. Only the 
estimation of components present in small amounts, such as Ps, 
was subject to considerable error since the small “base line’’ cor- 
rection was relatively large in these cases (0.005 to 0.015 optical 
density unit). 

Reaction of Diphosphoimidazole with Ribonuclease in Presence 
of Bicarbonate or Phosphate lons—I\n the earlier publication on 
phosphorylated ribonuclease (1) it was reported that although 
phosphorylation of the protein could be carried out with either 
the sodium salt or the calcium salt of diphosphoimidazole, in- 
activation occurred much more readily when the calcium salt of 
the phosphorvlating agent was used. It was tentatively sug- 
gested then that calcium ions may cooperate with phosphory!l- 
ated sites of the protein in bringing about a loss of enzymatic 
activity. It should be noted, however, that in all earlier experi- 
ments solutions of diphosphoimidazole (Na) always contained a 
large concentration of bicarbonate ion, whereas solutions of 
diphosphoimidazole (Ca) were carbonate free. Experiments 
were now performed which show (Table I1) that bicarbonate and 
phosphate ions inhibit the inactivation of ribonuclease during its 
reaction with diphosphoimidazole. In the absence of bicar- 
honate and phosphate the calcium and sodium salts of diphos- 
phoimidazole are equally effective in producing inactive protein. 
The data show also that a concentration of either phosphate or 
bicarbonate ion only 4 times higher than the concentration of 
the phosphorviating agent is sufficient to protect the enzyme to 
avery significant degree. 

Chromatography of Ribonuclease Phosphorylated with Diphos- 
phoimidazole (Na) in Presence of Bicarbonate and Phosphate 
lone —Chromatographic analyses of reaction mixtures of the 
enzyme and diphosphoimidazole (Na) showed that the composi- 
tion of such reaction mixtures was identical with the composition 
of nbonuclease-diphosphoimidazole (Ca) reaction mixtures (such 
as shown in Fig. 2). The phosphorus content and the specific 
enzymatic activity of individual components of the two kinds of 
reaction mixtures were also the same within the limits given in 
Table I. Thus, the earlier speculation (1) that calcium ions may 
play a special role in the inactivation process is incorrect. 
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Taste 

Chromatographic analysis of phosphorylated ribonuclease 
The data shown refer to the experiment described under Fig. 2. 
The column was charged with 2.05 wmoles of ribonuclease. The 
peaks are identified as in Fig. 2. Data in parentheses refer to the 
range of molar phosphorus-protein ratios and specific enzymatic 
activities found in six similar experiments. 


Effluent fractions | Protein*® | Phosphorus 
| % atoms | % 
A | 27 «0.01 0.02 128 
| (0.0-0.1) (110-136) 
P, | 40 0.72 | 0.89 6 
| | (0.9-1.0) (4-12) 
P, | 7 | 0.14 0.93 38 
(0.8-1.0) (35-48) 
P, 2 0.05 1.00 87 
(0.5-1.1) (23-87) 
P, 2 | 0.07 2.33 <8 
| (1.9-2.3) (<13) 
P; 4 | <4 
| (<9) 
All fractions 92 | 


* Based on optical density measurements at 280 my. 100° is 
the amount placed on the column. 

t The specific activity values refer to a fresh ribonuclease solu- 
tion with an activity of 100. In peaks P, and P, no activity was 
detected. The percentage values given represent the maximum 
specifie activity which would not have differed significantly from 
zero under the conditions of the assay of these dilute protein 
fractions. 


Taste Il 


Effect of bicarbonate and phosphate ions on inactivation of 
ribonuclease by phosphorylation with diphosphoimidazole 


The incubation of all reaction mixtures was carried out at pH 
8, 37°. The concentration of ribonuclease was 0.178 mM in Ex- 
periments | to 7, and 0.356 mm in 8 to 10. Diphosphoimidazole 
was prepared by the ion exchange method except in Experiment 3, 
when the carbonate method was used. Anions, as their sodium 
salts, were added to the protein solution followed by pH adjust- 
ment and diphosphoimidazole addition. 


Diphosphoimidazole Addition 
L.xperi- Reaction Enzymatic 
ment No. time activity 
Salt form | mM Anion mM 
Ars. % 
l Ca 6.35 none | | 16 
2 Na 6.35 none a | 16 
3° Na 25.4 HCO, Of Is «61 
4 Na | 6.35 none a * 46 
5 Na 6.35 HCO, 24 1.5 74 
6 Na 6.35 HCO, 5 | 1.5 102 
7 Na | 6.35 HCO, 2 «1S 06 
s Na 25.4 none 2.0 | 33 
Na 25.4 HCO.” 2.0 | 72 
10 Na 2.4 HPO. 100 2.0 | 65 


* In this experiment the reaction time and the diphosphoimidaz- 
ole concentration were increased in order to accent the effective- 
ness of HCO, in interfering with the inactivation of the enzyme, 
when compared with Experiments | and 2. 
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Fic. 3. Chromatography of ribonuclease phosphorylated in the 
presence of NaHCO; or NasHPO,. Conditions of chromatography 
as described under Fig. 2. The column charges were reaction 
mixtures of ribonuclease (0.356 mm), diphosphoimidazole (Na) 
(25.4 mm), NaHCO, (top curves), or NazHPO, (bottom curves) 
(100 mM); 2 hours, 37.0°, pH 8.0, 73% (65%) of enzymatic activity 
remained in the presence of NaHCO; (Na:zHPO,). @——@, di- 
phosphoimidazole present; O---O, diphosphoimidazole absent. 


TABLE III 


Chromatographic analysis of ribonuclease phosphorylated in 
presence of bicarbonate or phosphate 
The composition of the reaction mixtures is shown in the first 
column along with the percentage of enzymatic activity remaining 
at the end of the incubation period. For details see Fig.3. Phos- 
phate analyses and enzyme assays were carried out on aliquots of 
only selected fractions representing components A and P. 


% % 

Ribonuclease-diphosphoimid- A 46 0.01 112 
azole (Na)-NaHCO, (73°) P 37 0.76 25 
activity) 

Ribonuclease-diphosphoimid- A 51 0.00 93 
azole (Na)-NaczHPO, (65% P 22 1.19 24 
activity) 

Ribonuclease-NaHCO,; (102% A 80 115 
activity) 

Ribonuclease-NasHPO, (114% A 82 0.00 | 114 
activity) | 


* Based on optical density measurements at 280 my. 100% is 
the amount placed on the column. 
t The specific activity values are given in terms of a fresh 


ribonuclease solution with 100° activity. 


Consequently, it was of interest to examine the nature of the 
reaction products obtained in the presence of bicarbonate or 
phosphate. The chromatographic effluent diagrams are shown 
in Fig. 3 and Table III lists the analytical results. Control 
chromatograms were also obtained with ribonuclease-sodium 
bicarbonate and ribonuclease-dibasic sodium phosphate incuba- 
tion mixtures. It is clear that phosphorylation of ribonuclease 
does occur even in the presence of bicarbonate or phosphate ion. 
A significant portion of the protein appeared as a single phos- 
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phorylated derivative P, a monophosphate with a partially re. 
duced enzymatic activity. The position of this product in the 
effluent volume would suggest that it is not identical with any 
of the monophosphorylated species obtained in the absence of 
bicarbonate or phosphate, although it resembles P, or Ps in its 
degree of inactivation and phosphorylation. Bicarbonate or 
phosphate alone, without diphosphoimidazole, caused the ap- 
pearance of no peak other than A in the effluent solution. 

Stability of Phosphorylated Ribonuclease—I\In the previous 
report (1) it was noted that the phosphoryl groups of phos- 
phorylated ribonuclease preparations were removed by acid 
treatment, without restoration of enzymatic activity. The acid 
lability of the preparation was now confirmed with a sample of 
P, (0.3 mg). It was precipitated with 10% trichloroacetic acid 
and the precipitate was freed from the supernatant solution by 
centrifugation (103% recovery of protein); the molar phosphorus- 
protein ratio in the precipitate was found to be 0.04, indicating 
nearly complete dephosphorylation by acid treatment. 

The major phosphorylated derivative P, was sufficiently stable 
to permit rechromatography. An aliquot of P, (6% specific 
enzymatic activity; 0.89 molar phosphorus-protein ratio) was 
reapplied to a column as usual. It appeared in its original 
position in the effluent solution at about 180 ml in 96% yield 
(Fig. 4). Its specific activity (7%) and phosphorus content 
(1.06 phosphorus-protein ratio) remained essentially the same. 
Dialysis of P; against water (6 hours, 2°, 33% of protein retained 
inside the Visking tubing), followed by rechromatography led to 
the recovery of most of P, (83%) in the original effluent position 
of P, without change in the specific enzymatic activity or phos- 
phorus content (cf. (1)). 


DISCUSSION 


The results of this investigation show that the introduction, 
into ribonuclease, of a single phosphate group is sufficient to 
achieve extensive inactivation of the enzyme. Of special interest 
is the appearance of separable monophosphorylated ribonuclease 
derivatives (P,, Ps, Ps, and also P) which are not inactivated to 
the same degree. A kind of isomerism must be the cause of this 
heterogeneity since all monophosphates were derived from chro- 
matographically homogeneous ribonuclease A and it is difficult 
to conceive of changes in the composition of the protein other 
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Fic. 4. Rechromatography of ribonuclease monophosphate 
(P,). Conditions of chromatography as described under Fig. 2. 


| 
A | 
No, HPO, | 
4 | 
400, 


GE 


28455 


JO ALINV ION 


te 


November 1959 


than those resulting from the attachment of the phosphate 
group to an acceptor site. If after initial phosphorylation, 
intramolecular shifts of the phosphate group were responsible 
for the formation of the isomers, then different reaction periods 
might have been expected to yield mixtures of different relative 
amounts of the monophosphates. This was not the case. Other 
secondary changes such as association of molecules in a non- 
covalent manner is unlikely since P; could be rechromatographed 
and recovered unchanged. Cross-linking during the phos- 
phorylation is also unlikely since only a single phosphate valence 
is “activated” in the phosphorylating agent. The isomerism 
may be structural, that is the single phosphate group may be 
attached to different sites on the protein. It may be also con- 
figurational, in the sense that the phosphate group may be linked 
to only one acceptor site, with alternative secondary changes in 
the fine structure of the protein occurring after the phosphoryla- 
tion. 

It is clear from Tables I and III that the major ribonuclease 
monophosphate, P,, is an almost fully inactivated derivative, 
whereas the other monophosphates, P; and P3;, retained signifi- 
cantly higher percentages of the original activity. For conven- 
ience, P; will be termed the “inactive” derivative, and the other 
monophosphates as “partially active.” The interaction of di- 
phosphoimidazole with ribonuclease A results in the formation 
of the inactive derivative much more readily than in the forma- 
tion of partially active derivatives. Irrespective of reaction 
time, the ratio of inactive to partially active product remains 
essentially the same. This could occur in two ways. Phos- 
phorylation at different sites may occur at different rates (struc- 
tural isomers) or phosphorylation at a single site may be fol- 
lowed by alternative secondary changes occurring at different 
rates (configurational isomers). The experiments involving the 
use of carbonate and phosphate appear to provide a means for 
distinguishing between these mechanisms. Partial inhibition at 
a single reactive site would simply reduce the total amount of 
each reaction product formed in a given time unless the phos- 
phorylation reaction is not rate limiting which is unlikely in 
view of its relatively low rate. More effective inhibition of the 
reaction at one of several sites would result in a change in the 
relative amounts of the possible reaction products. 

The data agree with the second alternative mechanism. Only 
one product (P) was found in the presence of either bicarbonate 
or phosphate, resembling the partially active derivatives (P, or 
*») in phosphate content or enzymatic activity. No product 
like P,; was formed. P was obtained in yields much higher than 
the vields of P, and P, (22 and 37% in contrast to 2 and 7%). 
In the presence of bicarbonate or phosphate the most reactive 
site appears to have become unavailable for reaction and a less 
reactive site was now free to interact with the phosphorylating 
agent without competition. In one instance an intermediate 
situation was encountered. A solution of diphosphoimidazole 
was allowed to stand for some time before its addition to ribo- 
nuclease. This solution was estimated to contain 1 to 2 moles 
of inorganic phosphate per mole of protein at “zero time” as a 
result of diphosphoimidazole hydrolysis. Chromatography of 
the reaction mixture showed the production of both inactive and 
partially active derivatives (14 and 23% yields). This result 
supports the previous conclusion. The low initial phosphate 
concentration was sufficient for only partial inhibition of the 
reaction at the most reactive site. 

The formation of relatively small amounts of highly phosphoryl- 
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ated derivatives of the protein, even after long incubation, could 
be a consequence of lack of independence of reactive sites. If 
the ¢-amino groups of lysine side-chains are the phosphate ac. 
ceptors (1) then a negatively charged phosphoramidate group 
on one side-chain would be expected to repel the approach of a 
second molecule of the phosphorylating agent to nearby lysine 
amino groups. All of the 10 lysine residues of ribonuclease are 
known to be present within relatively short portions of the poly- 
peptide chain (14), and coiling may bring them even closer. 

The effect of pH on the reaction rates (e€-amino groups of 
lysine would be expected to react faster at pH 9 than 8) could be 
a result of the greatly increased hydrolysis rate of diphospho- 
imidazole at the higher pH, resulting in the rapid reduction of 
the concentration of the phosphorylating agent. Formation of 
inorganic phosphate as a result of diphosphoimidazole hydrolysis 
could also be responsible for the slowing down of the inactivation 
as the reaction proceeds. 

The possibility that inorganic phosphate and bicarbonate ions 
may be bound by functional groups of ribonuclease appears to be 
well documented. Acidic polymers, including polyphosphates, 
have been shown repeatedly to inhibit ribonuclease activity 
(15-18). The natural substrate of the enzyme is itself a poly- 
phosphate. Sela et al. (19) have shown that inorganic ortho- 
phosphate is able to reverse shifts in ribonuclease spectra caused 
by urea. A remarkably strong binding of orthophosphate by 
the enzyme was indicated by the fact that only 22 moles of phos- 
phate per mole of protein caused a 50% reversal of the spectral 
change. The strong binding of phosphate by ribonuclease is also 
indicated by the lowering of the isoelectric point of the protein 
by 2 pH units in the presence of phosphate (20). Bicarbonate 
(or carbonate) may be bound similarly by ribonuclease (although 
for this no evidence could be found), or bicarbonate may inac- 
tivate phosphate acceptor amino groups by carbamate forma- 
tion. This reaction has been studied in detail with hemoglobin 
by Stadie and O’Brien (21). If it is the latter, the carbamino 
groups must dissociate into carbon dioxide and free amino group 
as soon as the reaction mixtures are applied to the columns since 
apparently unchanged ribonuclease is recovered from bicar- 
bonate-containing enzyme solutions (Fig. 3). This possibility is 
also less likely since inactivation similar to that caused by phos- 
phorylation would be expected if a reaction involving the forma- 
tion of a new covalent linkage (carbamate) analogous to the 
phosphorylation reaction (phosphoramidate) would occur. 

Of course, the involvement of lysine side-chains must still be 
established with purified fractions of phosphorylated ribonu- 
clease. Furthermore, the possibility of reaction with histidine 
residues must be reinvestigated since their imidazole group has 
not been ruled out as the acceptor of part of the phosphate trans- 
ferred to ribonuclease (1). That histidine may play some role in 
ribonuclease activity is suggested by the work of Weil and Seibles 
(22) and of Barnard and Stein (23). 

The results obtained in the present study agree well with those 
of Klee and Richards (24) who have shown that the guanidination 
of perhaps only one of the 10 lysine side-chains results in the loss 
of enzymatic activity. It is of interest that monophosphoryla- 
tion (with a negatively charged reagent) is sufficient to cause 
nearly complete inactivation, whereas almost complete guani- 
dination (with a positively charged reagent) of the e-amino groups 
is needed for loss of enzymatic activity. The inactivation by 
phosphorylation is probably not a result simply of substitution 
of the “active center’ of the enzyme but rather of a small but 
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essential configurational change because of the phosphorylation 
of a group essential in maintaining the integrity of a critical re- 
gion. This view is supported by the failure to reverse the inac- 
tivation by dephosphorylation and by the appearance of several 
ribonuclease monophosphates having different degrees of enzy- 
matic activity. A similar conclusion was proposed by Klee and 
Richards for the guanidination reaction. Although Jacobsen 
and Linderstrgém-Lang (25) rejected, on theoretical grounds, the 
occurrence of “salt linkages” involving lysine side-chains as im- 
portant structural elements in proteins, the possibility of some 
masking of lysine amino groups in proteins has been suggested 
experimentally by the work of Steven and Tristram (26) on 
ovalbumin. 
SUMMARY 


After treatment with the mild phosphorylating agent 1 ,3-di- 
phosphoimidazole, ribonuclease retained only a small residual 
enzymatic activity upon introduction of a single acid-labile phos- 
phate group per mole of enzyme. Individual phosphorylated 
derivatives of the enzyme were separated chromatographically, 
and several distinct monophosphates, believed to be structural 
isomers, were identified. Bicarbonate and phosphate ions inter- 
fere with the phosphorylation reaction. The implications of 
these and earlier findings are discussed with respect to the rela- 
tion of ribonuclease structure to enzymatic activity. 
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Tryptophan peroxidase is found in adult mammalian liver, 
but is absent from fetal liver (1, 2). In the guinea pig this 
enzyme appears in low activity at the end of gestation and in- 
creases rapidly to adult levels immediately after birth (1). The 
questions arise: What mechanisms control the appearance of 
tryptophan peroxidase late in gestation? What factors control 
the dramatic increase in activity after birth? 

One suggested mechanism is that of substrate induction. 
Knox (3) reported that injection of L-tryptophan into normal 
or adrenalectomized adult rats caused a large increase in liver 
tryptophan peroxidase activity. To test the effect of substrate 
on the development of this enzyme, L-tryptophan was injected 
into the guinea pig at fetal and postnatal stages including the 
adult. Injection of L-tryptophan had no effect on liver trypto- 
phan peroxidase activity in the fetus or newborn. When ac- 
tivity had attained adult levels 1 day after birth, the increase 
after injection equalled that in the adult. Therefore, the re- 
sponse to L-tryptophan injection after birth appeared to de- 
velop simultaneously with the rapid increase in enzyme activ- 
ity (1). 

These studies have been extended to the rabbit and rat to 
observe the effect of a shorter gestation period on the time of 
appearance of enzyme activity. Measurements were made of 
the levels of activity in rabbit and rat liver in fetal and postnatal 
stages. In addition, measurements were made of the effect of 
L-tryptophan injection at these stages. 

The three species exhibited a definite progession. The guinea 
pig has the longest gestation period (68 days) and is most mature 
at birth. The initial appearance of activity occurs late in 
gestation. The rapid increase to adult levels begins immediately 
after birth. L-Tryptophan injection does not affect tryptophan 
peroxidase activity until the increase to adult levels has taken 
place (Fig. 1). 

The rabbit has a shorter gestation period (31 days) than the 
guinea pig and is less mature at birth. Tryptophan peroxidase 
activity is found initially in the newborn. After birth the in- 
crease to adult levels is rapid. Injection of L-tryptophan has 
no effect on tryptophan peroxidase activity until activity reaches 
adult levels (Fig. 2). 

The rat has a shorter gestation period (21 days) and is less 
mature at birth than either the guinea pig or rabbit. The initial 
appearance of tryptophan peroxidase occurs after birth. Activ- 
ity remains low for 15 days and then rapidly increases to adult 
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levels. There is little or no response to L-tryptophan until this 
increase in activity (Fig. 3). 

In the rabbit and guinea pig the rapid increase in tryptophan 
peroxidase activity begins immediately after birth (Figs. 1 and 
2). The question arises: Is this increase initiated by birth? It 
is possible in the rabbit to vary the age at which the fetuses 
leave the uterus and so to determine the effect of birth on the 
level of enzyme activity. A litter delivered 4 days prematurely 
will survive. A litter kept in utero 4 days longer than the normal 
gestation time will continue to develop. In these 4 days the 
animals double in weight and grow hair, appearing in every 
respect like 4-day-old rabbits. 

Rabbit fetuses delivered 4 days prematurely develop adult 
levels of activity in 24 hours. Response to L-tryptophan injec- 
tion develops simultaneously. Fetuses kept in utero 4 days 
beyond the normal gestation period contain only low levels of 
activity and show no response to L-tryptophan injection. After 
delivery of these postmature fetuses, activity and response to 
L-tryptophan increase within 24 hours to adult levels (Fig. 2). 


METHODS 


Animals—The age of fetal guinea pigs was estimated from 
Drapers’ tables (4) correlating crown-rump length and weight 
with age. Age of rabbit fetuses was calculated from the mating 
date. Guinea pigs were from our own colony. Rats were 
Wistar strain obtained from the Wistar Institute. Rabbits 
were New Zealand Whites. 

Assay of Enzyme Activity—Assay of tryptophan peroxidase 
activity was carried out in 12.5% homogenates as described by 
Knox (5). All assays were made on single livers except in rats 
younger than 10 days when livers of litter mates were pooled. 

L-Tryptophan Injection—The effect of L-tryptophan on liver 
tryptophan peroxidase activity was determined by injecting 
L-tryptophan intraperitoneally. An animal was given | mmole 
of L-tryptophan for each 200 g of weight. After 5 hours the 
animal was killed by cervical dislocation, and the liver was 
assayed. 

Guinea pig fetuses were injected in utero. The mother was 
anesthetized with diethyl ether, a paramedian abdominal incision 
was made, and the fetus was injected intraperitoneally through 
the uterine wall. After 5 hours the mother was killed, the 
fetuses were delivered by hysterotomy, and the livers were 
assayed individually. The fetuses appeared normal at the time 
they were killed. 

Premature and Postmature Rabbits—Premature fetuses were 
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Fig. 1. Guinea pig. @, tryptophan peroxidase activity: O, 
tryptophan peroxidase activity 5 hours after injection of 1 mmole 
of L-tryptophan per 200 g of weight. 
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Fig. 2. Rabbit. Solid symbols, tryptophan peroxidase activ- 
ity: Open symbols, tryptophan peroxidase activity 5 hours after 
injection of 1 mmole of L-tryptophan per 200 g of weight. @ and 
O, fetal and postnatal stages; @ and 0, premature fetuses one 
day after delivery; A and A, postmature fetuses (prolonged ges- 
tation period); WV and VY, postmature fetuses one day after de- 
livery. 


obtained by sectioning rabbits on the 27th day of gestation 
(normal gestation period 31 days). A pregnant rabbit was killed 
by injection of 20 ml of air into the marginal ear vein and the 
litter was delivered by hysterotomy. 

Gestation period was prolonged by stimulating ovulation and 
corpus lutein formation. On the 24th day of gestation 30 mg 
per kg of Antuitrin-S (Parke, Davis) was injected intravenously 
as described by Snyder (6). Pregnancy was interrupted by 
section on the 35th day. 

Rabbit fetuses delivered before the 27th day of gestation did 
not survive. Fetuses left in utero after the 35th day died in 
utero. 
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peroxidase activity 5 hours after injection of 1 mmole of L-trypto- 
phan per 200 g of weight. 


Premature and postmature fetuses delivered by section were 
kept at room temperature without feeding or water for 24 hours. 
They survived in good condition with less than a 5% weight loss. 

Adrenocortical Extract Injection—A 0.2 ml solution of adreno- 
cortical extract (Upjohn) was injected intraperitoneally into a 
7-day-old rat, a 60-day-old guinea pig fetus in utero, and a 28- 
day-old rabbit fetus. Five hours after injection the animals were 
killed and liver tryptophan peroxidase activity determined. 
Adrenocortical extract was injected also with L-tryptophan into 
animals of the same developmental stages. 

Low Oxygen after Birth—Rabbits obtained by section at term 
or a few days prematurely were placed immediately after delivery 
into a 2-cu. ft container through which 8% O292% No was 
passed at the rate of 4 cu. ft per minute. Half a litter was 
placed in this low O» atmosphere while the other half remained 
in room air and served as controls. Usually 10 to 20% of the 
animals placed in the low O, atmosphere died. Rarely did a 
control animal die. After 18 or 24 hours the rabbits were killed 
and livers assayed individually. 

Progesterone Injection after Birth—Immediately after delivery 
by section term rabbits were injected intramuscularly with 4 mg 
of progesterone (Schering). After 24 hours the rabbits were 
sacrificed and the livers assayed individually and compared with 
uninjected litter mates. 

Incubation of Newborn Liver Homogenates and Slices—Newborn 
rabbit liver was homogenized in 4 parts of 0.14 m KCl and 
incubated at room temperature for 3 hours. Tryptophan 
peroxidase activity was assayed before and after the incubation. 

Slices of newborn rabbit liver 4 mm in thickness were incubated 
for 2 hours at 37.5° with shaking in 2 parts of a 1% glucose- 
0.14 m KC] solution in an oxygen atmosphere. Enzyme activity 
of a homogenate of the slices and incubating medium were 
assayed after incubation. 

Iniection of p-Fluorophenylalanine after Birth—Term rabbits 
were delivered by section and given injections intraperitoneally 
every 2 hours for 10 hours with 10 mg of p-fluorophenylalanine. 
Enzyme activity was compared with uninjected litter mates 18 
and 24 hours after delivery. 
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RESULTS 


The normal development of tryptophan peroxidase activity 
in the liver of the guinea pig, rabbit, and rat and the effect of 
L-tryptophan injection are presented in Figs. 1, 2, and 3. 

The effect of premature and delayed delivery on enzyme ac- 
tivity in the rabbit is presented in Fig. 2. 

The deficit of liver tryptophan peroxidase activity observed 
in fetal and newborn animals of the three species studied appears 
to be due to absence of active enzyme and not to a deficiency of 
a heat stable cofactor or to the presence of an inhibitor. Addi- 
tion of fetal or newborn liver homogenates to adult liver homog- 
enates had no effect on the enzyme activity of the latter. Also 
addition of heated extracts of adult liver failed to stimulate 
activity in fetal liver homogenates. 

The increase in tryptophan peroxidase activity observed 
during development may be the result of enzyme activation or 
peptide bond formation. Thereis no evidence that the observed 
increase in enzyme activity is the result of enzyme activation. 
Newborn rabbit liver homogenates or slices after incubation 
showed no increase in activity. There is also no evidence that 
the increase in activity is the immediate result of peptide bond 
formation. Amino acid analogues failed to inhibit the increase 
in tryptophan peroxidase activity after birth. Term rabbits 
given injections with p-fluorophenylalanine showed the same 
increase in enzyme activity as uninjected litter mates 18 and 24 
hours after delivery. 

Adrenocortical extract injection alone or with L-tryptophan 
did not cause the appearance of tryptophan peroxidase activity 
in the guinea pig or rabbit fetus. It did not increase the low 
levels of enzyme activity in the neonatal rat. 

Hypoxia did not inhibit the rapid increase in liver tryptophan 
peroxidase activity after birth. Premature or term rabbits 
delivered by section and maintained in a low oxygen atmosphere 
had the same level of enzyme activity after 18 or 24 hours as 
litter mates maintained in room air. 

Also injection bf progesterone into term rabbits after delivery 
by section did not suppress the rapid increase of liver trypto- 
phan peroxidase activity to adult levels. 


DISCUSSION 


Since the finding that glucose 6-phosphatase is absent from 
fetal liver (7, 8) and increases rapidly to adult levels after birth, 
other enzymes have been shown to have similar patterns of 
development (1, 2,9, 10). We have studied possible mechanisms 
controlling the development of one of these enzymes, tryptophan 
peroxidase, in guinea pig, rabbit, and rat liver. 

Injection of L-tryptophan or adrenocortical hormones dramat- 
ically increases tryptophan peroxidase activity in adult liver 
(3, 11) but not in fetal liver (1,2). The lack of response of fetal 
liver indicates that substrate induction and adrenocortical 
secretion are not the mechanisms controlling the increase in 
enzyme activity during development (1). 

The increase in tryptophan peroxidase activity to adult levels 
in the guinea pig and rabbit begins immediately after birth and 
appears to be associated with separation of the fetus from the 
uterine environment. Premature delivery of a rabbit fetus 
initiates a rapid increase of enzyme activity, whereas prolonga- 
tion of the gestation period delays the increase to adult levels 
until after delivery (Fig. 2). These observations suggest that 
enzyme activity is suppressed in the fetus by a maternal or 
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placental humoral agent. However, in newborn rabbits the 
normal increase in tryptophan peroxidase activity is not inhibited 
by either injection of progesterone or maintenance in an atmos- 
phere of low oxygen tension of the magnitude found in utero. 
In the rat tryptophan peroxidase activity remains low after 
birth for 15 days and only then begins to increase. In this 
species, therefore, it does not appear that the initiating mecha- 
nism involves the placental circulation. 

It is of great interest and it is not coincidental that many of 
the enzymes present in adult liver, but not found in fetal liver, 
are also absent in various congenital hereditary diseases (12, 13). 
Presumably an altered gene results in a deficit in enzymatic 
activity. The fetus is unaffected by this as the enzyme is 
normally absent until birth. After birth the deficiency becomes 
manifest. As has been suggested earlier (7), such a disease can 
be considered to be a persistence of the fetal condition into 
postnatal life. One can readily understand that such hereditary 
diseases would be much more frequently found clinically than 
genetic defects involving enzymes necessary to fetal life where 
early intrauterine death would occur. As yet no inherited 
disease characterized by the absence of tryptophan peroxidase 
has been described. A case reported by Baron et al. (14) is 
suggestive. 


SUMMARY 


Tryptophan peroxidase activity and its enhancement by L- 
tryptophan injection were measured in the liver of the guinea 
pig, rabbit, and rat in fetal and postnatal stages including the 
adult. Tryptophan peroxidase activity was absert or at very 
low levels in the fetal liver of all species. In the guinea pig and 
rabbit enzyme activity reached adult levels within 24 hours after 
birth. In contrast enzyme activity in the rat remained low until 
the fifteenth postnatal day, then within 24 hours reached adult 
levels. There was no enhancement of enzyme activity in fetal 
liver by L-tryptophan injection and response to injection in all 
species developed simultaneously with the rapid increase of 
tryptophan peroxidase activity to adult levels. The lack of 
response of fetal liver to L-tryptophan injection as well as to 
adrenocortical hormones suggests that substrate induction and 
adrenocortical secretion are not the mechanisms controlling the 
increase in enzyme activity during development. 

The effect of birth on tryptophan peroxidase activity was 
studied in the rabbit. In premature fetuses enzyme activity 
reached adult levels within 24 hours after delivery. In post- 
mature fetuses enzyme activity remained low but after delivery 
rapidly increased to adult levels. Therefore, in the rabbit as 
well as in the guinea pig some factor associated with birth 
appears to control the development of liver tryptophan peroxi- 
dase activity. 
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The oxidation of p-hydroxyphenylpyruvic acid to homogentisic 
acid catalyzed by p-hydroxyphenylpyruviec acid oxidase has been 
shown to require ascorbic acid or one of the other reducing agents 
which can replace it, such as reduced 2,6-dichlorophenolindo- 
phenol (2-4). These agents are able to prevent an inhibition of 
p-hydroxyphenylpyruvic acid oxidase by high concentrations of 
substrate. This inhibition is unusual in that it occurs after a 
lag period and the initial rate of oxidate of p-hydroxyphenyl- 
pyruvie acid is unaffected (3, 5). The ability of ascorbie acid 
to prevent inhibition of p-hydroxyphenylpyruvie acid oxidase by 
excess substrate is of biochemical interest since the requirement 
for the vitamin to maintain normal tyrosine metabolism appears 
to be mediated largely through this mechanism (6). 

The experiments described in this paper represent a detailed 
study of the nature of the inhibition of p-hydroxyphenylpyruvic 
acid oxidase by excess substrate and its prevention by ascorbic 
acid or reduced 2,6-dichlorophenolindophenol. A possible ex- 
planation for inhibition by the substrate will be presented. 


EXPERIMENTAL PROCEDURE 


Materials—p-Hydroxyphenylpyruviec acid was obtained from 
the H. M. Chemical Company, Ltd. 2,6-Dichlorophenolindo- 
phenol and a,a’-dipyridyl were purchased from Eastman Organic 
Chemicals. Glutathione, L-tyrosine, and sodium phenylpyru- 
vate were obtained from the Nutritional Biochemical Corpora- 
tion. t-Ascorbic acid was obtained from Merck and Company, 
Inc. Homogentisic acid was isolated from the urine of an al- 
captonuric patient by Dr. J. E. Seegmiller. We are indebted to 
Doris Titus for undertaking the synthesis of 2,5-dihydroxy- 
phenylpyruvie acid according to the method of Neubauer and 
Flatow (7). 

Enzyme Preparations—p-Hydroxyphenylpyruvic acid oxidase 
was prepared from dog liver as described previously (8). Liver 
homogenate treated with chloroform (Step 1) was used in most 
of these studies. Purified p-hydroxyphenylpyruvic acid oxidase 
(E; fraction) representing about a 100-fold purification from the 
crude supernatant fraction of the homogenate, was obtained by 
adsorption and elution with calcium phosphate gel after ammo- 
nium sulfate fractionation (Step 3). 


*A preliminary report of this work has been presented (1). 
The work presented here was submitted by Vincent G. Zannoni 
in a thesis in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of Biochemistry, 
George Washington University, Washington, D. C. 


Keto-enol tautomerase was prepared from hog kidney accord- 
ing to the method of Knox and Pitt (9). The second ammonium 
sulfate fraction was employed. 

Manometric Assay for Oxidation of p-Hydroxryphenylpyruvic 
Acid to Homogentisic Acid—The main compartment of the War- 
burg vessels contained 0.2 m sodium phosphate buffer, pH 6.5, 
2 umoles of a,a’-dipyridy|;! 20 umoles of previously neutralized 
reduced glutathione; and 0.5 ml or more of p-hydroxyphenyl- 
pyruvic acid oxidase preparations. In most instances, ascorbic 
acid or 2,6-dichlorophenolindophenol was added as indicated in 
the text. The side arm contained 0.5 ml of 0.2 m phosphate 
buffer, pH 6.5, in the control flasks, and p-hydroxyphenylpyruvic 
acid in 0.5 ml of phosphate buffer in the experimental flasks. 
The center well contained 0.2 ml of 20° KOH. The total fluid 
volume was 2.0 ml or 2.5 ml. After equilibration at 37° for 5 
minutes, the contents of the side arm were tipped in to start the 
reaction. The shaking rate was 180 oscillations per minute and 
air was used as the gas phase. 

Spectrophotometric Assay for Oxidation of p-Hydroxyphenyl- 
pyruvic Acid to Homogentisic Acid—The oxidation of p-hydroxy- 
phenylpyruvie acid to homogentisic acid catalyzed by p-hydroxy- 
phenylpyruvie acid oxidase is measured by following the decrease 
of the enol-borate complex spectrophotometrically at 308 my (9). 
In experiments with higher substrate concentrations, the 
reaction was followed at 340 my. The ratio of the optical den- 
sity readings at 308 my to 340 my was 5.95, and the molar ex- 
tinction coefficient for p-hydroxyphenylpyruvic acid at 340 mu 
was calculated as 2,400. 

The assay of p-hydroxyphenylpyruvic acid oxidase was per- 
formed in l-cm quartz cuvettes. The cuvettes contained from 
0.25 to 2.0 umoles of p-hydroxyphenylpyruvie acid in 0.2 mM 
phosphate buffer, pH 6.5; 15 umoles of glutathione previously 
neutralized, 0.2 ml of keto-enol tautomerase (containing at least 
1 unit of enzyme), and 0.42 m boric acid-0.17 m sodium phosphate 
buffer, final pH 6.2, to make a total volume of 2.8 ml. Control 
cuvettes contained all of the additions except substrate. Tau- 
tomerization of the substrate was followed as 340 my until equilib- 
rium was reached (within 5 minutes). At this time a,a’-dipyri- 
dy] was added to all the cuvettes (7 « 10-4 m final concentration) 
to prevent the formation of maleylacetoacetic acid which also 


'a,a’-Dipyridyl was added to prevent the further oxidation of 
homogentisic acid by inhibiting homogentisic acid oxidase. Glu- 
tathione was added to prevent nonenzymatic oxidation of homo- 
gentisic acid and to reduce 2,6-dichlorophenolindophenol (3). 
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Fia. 1. Relative effectiveness of ascorbic acid and reduced 2,6- 
dichlorophenolindophenol in sustaining the oxidation of p-hydrox- 
yphenylpyruvic acid to homogentisic acid. Incubation condi- 
tions were as described under manometric assay. The flasks con- 
tained 0.2 m phosphate buffer, pH 6.5, 2 umoles of a,a’-dipyridyl, 
20 wmoles of glutathione, 20 uwmoles of p-hydroxyphenylpyruvic 
acid, and 0.5 ml of 33% dialyzed dog liver homogenate. Total 
volume was 2.5 ml. Curve A, no ascorbic acid or 2,6-dichloro- 
phenolindophenol; Curve B, 20 wmoles of ascorbic acid; Curve C, 
0.14 umole of 2,6-dichlorophenolindophenol; Curve D, 0.70 umole 
of 2,6-dichlorophenolindophenol. 
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Fig. 2. Oxidation of various concentrations of p-hydroxyphen- 
ylpyruvic acid to homogentisic acid. The flasks contained 0.2 m 
phosphate buffer, pH 6.5, 2 umoles of a,a’-dipyridyl, 20 uwmoles of 
glutathione, 25 wg of reduced 2,6-dichlorophenolindophenol, and 
1.0 ml of chloroform-treated homogenate. The total volume was 
2.5 ml. The amount of p-hydroxyphenylpyruvic acid present is 
indicated in the above figure. 
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absorbs at 340 mu. Then p-hydroxyphenylpyruvic acid oxidase 
was added to all cuvettes and the disappearance of p-hydroxy- 
phenylpyruvic acid followed at 340 my. In experiments with 
2 ,6-dichlorophenolindophenol, 100 ug were added to both control 
and experimental cuvettes before the addition of substrate. The 
excess glutathione present completely reduced the 2,6-dichloro- 
phenolindophenol. 


RESULTS 


Comparison of Effectiveness of Ascorbic Acid and Reduced 
2 ,6-Dichlorophenolindophenol in Prevention of Substrate Inhibi- 
tion—Studies with dialyzed crude enzyme preparations of dog 
liver homogenates demonstrated that ascorbic acid was much less 
effective in preventing substrate inhibition than reduced 2,6-di- 
chlorophenolindophenol (Fig. 1). On a molar basis reduced 
2 ,6-dichlorophenolindophenol is at least 150 times as effective as 
the vitamin. With purified p-hydroxyphenylpyruvic acid oxi- 
dase, this difference increased still further. Assay of chloro- 
form-treated homogenate demonstrated that reduced 2,6-di- 
chlorophenolindophenol was at least 700 times as effective as 
ascorbic acid in preventing substrate inhibition and further 
purification with ammonium sulfate fractionation and adsorption 
and elution from calcium phosphate gel (100-fold purification 
from the crude homogenate supernatant fraction) did not change 
this ratio. However, the purified enzyme preparations required 
more ascorbic acid or reduced 2,6-dichlorophenolindophenol. 
In most of the studies which follow, reduced 2 ,6-dichlorophenol- 
indophenol was used rather than ascorbic acid, since it proved 
to be much more effective than the vitamin in preventing this 
unusual type of substrate inhibition. It also had the advantage 
of being more stable than ascorbic acid under various experi- 
mental conditions. 

Inhibition of p-Hydroxyphenylpyruvic Acid Oxidase by Various 
Concentrations of p-Hydroryphenylpyruvic Acid—The initial rate 
of oxidation of p-hydroxyphenylpyruvic acid measured mano- 
metrically was essentially the same with 5.0 to 40 umoles of 
substrate. However, the rate of oxidation in the flasks with the 
larger amounts of substrate gradually decreased and the extent 
of this inhibition was proportional to the substrate concentra- 
tion (Fig. 2A). It can be observed that 5 wmoles of p-hydroxy- 
phenylpyruvic acid had no apparent inhibitory effect and reached 
its theoretical plateau value for complete oxidation to homogen- 
tisic acid. In the flasks with 40 umoles of substrate, there was 
marked inhibition, and this resulted in less p-hydroxyphenyl- 
pyruvic acid finally being oxidized to homogentisic acid than 
with 5 umoles. 

The time at which a change in the rate of oxidation occurred 
could be demonstrated more clearly by plotting the manometric 
data as the reciprocal of oxygen uptake versus the reciprocal of 
time (Fig. 2B). This data showed an initial linear rate for the 
first six minutes with the same slope regardless of substrate con- 
centration used. After the initial linear rate, there was a sharp 
break in the curve to a new linear rate which will be referred to 
as the “second phase”’ of the reaction. This second phase is an 
indication of the degree of inhibition by the substrate. The 
time at which the break in the curve occurs was independent of 
substrate concentration, but the slope of the second phase which 
is a measure of the degree of inactivation of the enzyme, was 
dependent upon the substrate concentration. With 40 umoles 
of substrate, the reaction slowed down and stopped very rapidly 
during the second phase; with 20 umoles the slope was somewhat 
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greater, and with 10 wmoles the slope of the second phase differed 
very little from the slope of the initial rate (Fig. 2B). 

Ability of Reduced 2,6-Dichlorophenolindophenol to Prevent 
Inhibition of p-Hydroryphenylpyruvic Acid Oxidase by Excess 
Substrate—In order to study the effect of reduced 2 ,6-dichloro- 
phenolindophenol on substrate inhibition, experiments were 
carried out with a constant substrate concentration (20 uwmoles) 
and various concentrations of reduced 2,6-dichlorophenolindo- 
phenol (Fig. 3A). It was observed that the amount of substrate 
which is ultimately oxidized to homogentisic acid is proportional 
to the concentration of reduced 2,6-dichlorophenolindophenol. 
Plotting the reciprocal of oxygen uptake versus the reciprocal of 
time (Fig. 3B), demonstrated that the time at which the break 
occurred in the curve from the initial reaction rate did not vary 
with the dye concentration. However, the slope of the second 
phase was found to depend upon the amount of reduced 2,6-di- 
chlorophenolindophenol present. In effect, the reduced 2 ,6-di- 
chlorophenolindophenol maintained the initial rate of the re- 
action and with increasing dye concentrations, the slope of the 
second phase approached that of the initial reaction rate. From 
the data presented in Figs. 2 and 3, one would expect that higher 
substrate concentrations of p-hydroxyphenylpyruvic acid would 
require more reduced 2,6-dichlorophenolindophenol to maintain 
the initial reaction rate during the second phase of the oxidation. 
This was found to be so. At low substrate concentrations 25 ug 
of reduced 2 ,6-dichlorophenolindophenol were sufficient to main- 
tain the initial rate, but with 40 uwmoles of substrate, 200 ug of 
reduced 2,6-dichlorophenolindophenol were needed to maintain 
the initial rate. 

Manometric and spectrophotometric assay methods were em- 
ployed to study the effect of varying the ratio of enzyme con- 
centration to substrate concentration. When small amounts of 
substrate (0.25 umole) were incubated with 0.1 ml of oxidase 
under the spectrophotometric assay conditions, no inhibition of 
the enzyme occurred and the rate of disappearance of substrate 
was the same whether or not reduced 2,6-dichlorophenolindo- 
phenol was present. However, if the substrate concentration 
were increased (1.0 umole), so that the ratio of oxidase to sub- 
strate was equivalent to that employed in the manometric assay, 
substrate inhibition was observed with the spectrophotometric 
assay. Again, there was a protection of the oxidase with reduced 
2,6-dichlorophenolindophenol present (Fig. 4). As was found 
under the manometric assay conditions, much more ascorbic 
acid (30 wmoles) was required to prevent substrate inhibition. 

The spectrophotometric assay method was used to determine 
the Michaelis-Menten constant for p-hydroxyphenylpyruvie acid 
with the oxidase, and it was calculated to be 4.2 K 10-'m. This 
value was corrected for the amount of the substrate present at 
equilibrium in the keto form as applied by Lin et al. (10), and 
it is in close agreement with their figure of 2 x 10-5 m. It is 
interesting to note that the substrate concentration required for 
inhibition of p-hydroxyphenylpyruvic acid oxidase was several 
times the concentration of p-hydroxyphenylpyruvie acid required 
for one-half the maximum velocity. 

The importance of the ratio of the concentration of substrate 
to enzyme was further demonstrated in manometric experiments 
under conditions where large amounts of p-hydroxyphenylpyru- 
vic acid were generated from L-tyrosine in the presence of snake 
venom L-amino acid oxidase. When 20 umoles of p-hydroxy- 
phenylpyruvic acid were enzymatically generated from L-tyrosine 
and the p-hydroxyphenylpyruvic acid oxidase added after the 
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Fie. 3. The effect of reduced 2,6-dichlorophenolindophenol on 
p-hydroxyphenylpyruvie acid oxidase inactivation. The flasks 
contained 0.2 m phosphate buffer, pH 6.5, 2 wmoles of a,a’-di- 
pyridyl, 20 uwmoles of glutathione, 20 umoles of p-hydroxyphenyl- 
pyruvic acid, and 1.0 ml of chloroform-treated homogenate. To- 
tal volume was 2.5 ml. In addition the flasks contained reduced 
2,6-dichlorophenolindophenol as indicated in the above figure. 
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Fic. 4. Effect of reduced 2,6-dichlorophenolindophenol on the 
oxidation of various concentrations of p-hydroxyphenyl pyruvic 
acid. The reaction was followed as described under spectrophoto- 
metric assay. The cuvettes contained 0.42 m boric acid-0.17 m 
phosphate buffer, pH 6.2, 15 umoles of glutathione, and 0.1 ml of 
keto-enol tautomerase; after equilibrium 2 ywmoles of a,a’-di- 
pyridyl and 0.1 ml of chloroform-treated homogenate were added. 
Total volume was 3.0 ml. In addition, the amounts of p-hydroxy- 
phenylpyruvie acid and 2,6-dichlorophenolindophenol present are 
indicated in the above figure. 
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20 umoles of p-hydroxyphenylpyruvic acid had accumulated, the 
inhibition of the enzyme was identical with that obtained with 
chemically prepared p-hydroxyphenylpyruvic acid. On the 
other hand, if p-hydroxyphenylpyruvic acid oxidase was present 
in the vessels during the generation of p-hydroxyphenylpyruvic 
acid, the keto acid was oxidized as it was formed and no inhibi- 
tion occurred. Furthermore, in other experiments the addition 
of 15 umoles of p-hydroxyphenylpyruvic acid at one time caused 
substrate inhibition, but if the 15 wmoles of substrate were added 
in three increments of 5 wmoles each, the enzyme was not in- 
hibited and the entire 15 uwmoles were oxidized. 

Reversibility of Inhibition Produced by Excess Substrate—In 
view of the fact that reduced 2,6-dichlorophenolindophenol or 
ascorbic acid could prevent the inhibition of p-hydroxypheny]- 
pyruvic acid oxidase, these as well as other reducing agents were 
tested to observe if they could reverse the inhibition once it oc- 
curred. Twenty uwmoles of p-hydroxyphenylpyruvic acid were 
incubated until complete inhibition of the p-hydroxyphenyl- 
pyruvic acid oxidase had occurred, and at this time various re- 
ducing agents were added. Reduced 2,6-dichlorophenolindo- 
phenol was found to be the most effective compound tested in 
reactivating the inhibited enzyme system (Fig. 5). Larger 
amounts of ascorbic acid (20 uwmoles or more) were also effective 
in gradually reversing the inhibition. On the other hand, other 
reducing agents such as glutathione, cysteine, or homogentisic 
acid were ineffective. 

The delay in the onset of the inhibition with excess substrate 
suggested the possibility that an inhibitor could be formed from 
the substrate during the course of the reaction. For this reason 
a number of structural analogues of the substrate were tested 
for their inhibitory activity on p-hydroxyphenylpyruvic acid 
oxidase. The compounds which were found to be active inhibi- 
tors all contained a phenyl group and a side chain containing a 
carbonyl or free aldehyde grouping (Table I). Phenylpyruvic 
acid was one of the most potent inhibitors of the p-hydroxy- 
phenylpyruvic acid oxidase system, and studies with this com- 
pound were carried out in order to compare its inhibitory prop- 
erties to those of excess substrate. 
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Fig. 5. Reversal of inhibition produced by excess substrate with 
reduced 2,6-dichlorophenolindophenol or ascorbic acid. Curve A, 
20 uzmoles of p-hydroxyphenylpyruvic acid were incubated as de- 
scribed under manometric assay without 2,6-dichlorophenolindo- 
phenol or ascorbic acid; Curve B, as in A with the addition of 0.3 
umole of reduced 2,6-dichlorophenolindophenol or 20 wmoles of 
L-ascorbic acid at (|); Curve C, as in A except that 0.3 umole of 
reduced 2,6-dichlorophenolindophenol was added before the sub- 
strate. 
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Time of Onset of Inhibition by Phenylpyruvate—Studies with 
various concentrations of phenylpyvruvate demonstrated that the 
inhibition of p-hydroxyphenylpyruviec acid oxidase could oecur 
either initially or after a lag period depending upon the concen- 
tration used. When 5 uwmoles of phenylpyruvate were incubated 
with 5 wmoles of p-hydroxyphenylpyruvic acid and the oxidase, 
the resulting inhibition was on the initial rate. However, when 
1.0 umole of phenylpyruvate was used, the inhibition did not 
occur initially, but rather after a lag period similar to the type 
of inhibition by excess substrate (Fig. 6). 

Evidence that phenylpyruvate was not acting through a me- 
tabolite was the finding that 5 wmoles of the inhibitor when in- 
cubated with the p-hydroxyphenylpyruvic acid oxidase system 
alone showed no oxygen uptake or carbon dioxide evolution. 
Furthermore, over 95°7 of unchanged phenylpyruvate was re- 
covered at the end of the incubation period when analyzed by 
the spectrophotometric assay method with tautomerase (9). 

Potency of Phenylpyruvate Inhibition—Since most of the sub- 
strate was known to be oxidized to homogentisic acid (3), it was 
suspected that if an inhibitory product were formed from the 
substrate through a side reaction, the amounts formed must be 
very small. The analogues of the substrate were, therefore, 
tested under a variety of conditions to determine the potency of 
their inhibition. It was found that when phenylpyruvate was 
preincubated with p-hydroxyphenylpyruvic acid oxidase prep- 
arations for 15 minutes at room temperature, and in the presence 
of a high oxygen tension, very low concentrations of the inhibitor 
were effective in completely preventing the oxidation of 5 umoles 
of p-hydroxyphenylpyruvie acid. Amounts as low as 4 yg of 
phenylpyruvate (1.0 Mm) inhibited up to 80°. Similar 
studies with m-hydroxyphenylpyruvic acid demonstrated the 
same potent inhibitory effects as phenylpyruvate. The findings 
that such small amounts of either phenylpyruvate or m-hydroxy- 
phenylpyruvic acid were inhibitory gave impetus to the idea 
that very small amounts of a side product similar to the inhibi- 
tors mentioned above could be responsible for the inhibition ob- 
served with excess substrate. 

Prevention of Phenylpyruvate Inhibition by Reducing Agents— 
Reduced 2,6-dichlorophenolindophenol was extremely effective 
in preventing phenylpyruvate inhibition; 200 wg of reduced 
2 ,6-dichlorophenolindophenol completely prevented the inhibi- 
tory effect of 1.0 umole of phenylpyruvate, and with increasing 
amounts of the inhibitor, more reduced 2 ,6-dichlorophenolindo- 
phenol was required. However, in order to prevent the inhibi- 
tion of 0.5 umole of phenylpyruvate, much more ascorbic acid 
(0.01 mM) was necessary just as was found with excess p-hydroxy- 
phenylpyruvie acid. 

Dialysis and Reversal of Phenylpyruvate Inhibition—Further 
comparison of enzyme inhibited by excess substrate to enzyme 
inhibited by phenylpyruvate was made by studying the effect of 
dialysis on the inhibited enzyme systems. p-Hydroxyphenyl- 
pyruvic acid oxidase preparations were completely inhibited by 
either excess substrate or phenylpyruvate and after complete 
inhibition, the preparations were dialyzed against dilute phos- 
phate buffer for 16 hours. Enzymatie analyses for residual 
p-hydroxyphenylpyruvic acid and phenylpyruvate with tautom- 
erase demonstrated no detectable amounts of these compounds 
present with the inhibited enzyme. It was of interest to find 
that neither of these oxidase preparations was reactivated by 
dialysis and that reduced 2,6-dichlorophenolindophenol had the 
capacity of reversing the inhibition in both cases (Table II). 
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Taste I 
Inhibitors of p-hydrozyphenylpyruvic acid oridase 


Incubation conditions were as described in the section on manometric assay. 


The flasks contained 1.0 ml of chloroform-treated 


homogenate, 100 wg of reduced 2,6-dichlorophenolindophenol, 20 moles of glutathione, and 5 wmoles of p-hydroxyphenylpyruvic acid 


in one side arm. 
time. 


Active inhibitors Control activity 


or 


——= 


—~CH.C—CO0O 
CH,C—COOH 


Phenylpyruvate 


»)—CH,C—COOH 

| 
HO | 
m-Hydroxyphenyl pyruvate | 


OH | 
Salicylaldehyde | 


p-Hydroxybenzaldehyde 


The second side arm contained 20 wmoles of the compound tested as indicated in table below and was tipped at zero 


Inactive compounds Control activity 


\—CH:C—COOH 
2,5-Dihydroxyphenylpyruvate | >V5 
—CH,COOH | 
| 
Phenylacetate | >95 
| OH | 
p-Hydroxyphenyllactate >95 
HO-< 
p-Hydroxybenzoate >95 
OH 
CH.COOH 
» 
HO 
Homogentisate >95 
Phenylalanine, tyrosine, and pyruvate were also 
inactive 


Addition of Active Purified Enzyme to Inhibited System—If an 
inhibitory product were formed during the oxidation of the sub- 
strate and active purified enzyme was added to this system, one 
would expect a decrease in the initial rate of oxidation of p-hy- 
droxyphenylpyruvie acid due to the inhibition of the active en- 
zyme by the generated inhibitor. Experiments were done in 
which p-hydroxyphenylpyruvic acid oxidase preparations were 
incubated with excess substrate and during the course of inhibi- 
tion, active purified enzyme (E; fraction) was added to the flasks 
at various times (Table III). As can be observed, there was at 
least 50°% inhibition on the initial rate of oxidation of p-hydroxy- 
phenylpyruvie acid as compared to the rate of oxidation with the 
purified enzyme alone. The extent of the inhibition of the puri- 
fied fraction was the same even after the oxidase had been in- 
hibited for 20 minutes, and it appeared that the amount of in- 
hibitor did not continue to accumulate after the inhibition had 


occurred. These experiments were in keeping with the aecumu- 


lation of an inhibitory product formed during the course of p 
hydroxyphenylpyruvie acid oxidation. 

Extraction of Inhibitor from Incubation Mixtures—The assump- 
tion was made that if a product had formed from p-hydroxy- 
phenylpyruvic acid, it would have similar chemical properties as 
the substrate or phenylpyruvate and might therefore be an or- 
ganic acid. 

Twelve flasks were incubated with excess p-hydroxyphenylpy- 
ruvie acid and oxidase preparations and the contents pooled in 
order to accumulate an inhibitory product. Similar experiments 
were carried out with enzyme inhibited with phenylpyruvate in 
order to compare its properties with that of the enzyme inhibited 
by excess substrate. After the oxidase was completely inhibited 
by either excess p-hydroxyphenylpyruvie acid or phenylpyruvate 
(within 30 minutes) the incubation mixtures were deproteinized 
with sulfurie acid and the resulting supernatant fraction was ex- 
tracted with peroxide-free ether (7 times the volume of the acidi- 
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Fic. 6. Time of onset of inhibition by phenylpyruvate. The 
flasks contained 0.2 m phosphate buffer, pH 6.5, 2 uwmoles a,a’- 
dipyridy!, 20 uwmoles of glutathione, 1.0 ml of chloroform-treated 
homogenate, and 10 wg of reduced 2,6-dichlorophenolindophenol. 
The total volume was 2.5 ml. In addition, Curve A, 5 ymoles of 
p-hydroxyphenylpyruvic acid; Curve B, 5 wmoles of p-hydroxy- 
phenylpyruvic acid plus 1.0 wmole of phenylpyruvate; Curve C, 5 
umoles of p-hydroxyphenylpyruvic acid plus 5 umoles of phenyl- 
pyruvate. 


TaBLe II 


Comparison of enzyme systems inhibited by excess substrate and by 
phenylpyruvate towards dialysis and reactivation with reduced 
2,6-dichlorophenolindophenol 


The dialyzed enzyme preparations were assayed as described 
in the section on spectrophotometric assay; 0.25 wmole of p-hy- 
droxyphenylpyruviec acid present in cuvettes, 0.3 ml of dialyzed 
enzyme preparations added to all cuvettes, and the oxidation of 
substrate followed for 16 minutes at 308 my (at that time no 
further oxidation of substrate occurred). 


p-Hydroxypheny!l- 
-Hydroxy- ruvic acid oxi- 
enylpyruvic ized in 16 min. 
acid oxidized in |after addition of 100 


min. ue of 2, 6-dichloro- 
phenolindophenol 


Enzyme preparation® (dialyzed) 
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III 
Formation of inhibitor during oxidation of excess 
p-hydroryphenylpyruvic acid 
To generate an inhibitory product 20 wmoles of p-hydroxy- 
phenylpyruvie acid were incubated with i.0 ml of chloroform. 
treated homogenate under conditions as described in section on 
manometric assay, in the absence of reduced 2,6-dichlorophenol- 
indophenol. The reaction was completely inhibited within 13 
minutes. Purified active enzyme (FE; fraction) was added at the 
various times indicated in the table below and the initial rate of 
p-hydroxyphenylpyruvie acid oxidation measured. The zero 
time and 6 minute values are corrected for the residual activity of 
the chloroform treated homogenate. 


Initial rate of oxidation of p-hydroxy- 
Time of addition of active Es fraction 
during oxidation of excess substrate pheny = os the first 
min. pl 

0 23 

6 12 

17 12 

30 13 

I; fraction alone* | 25 


* E; fraction assayed in the absence of generated inhibitor sys- 
tem. When the E; fraction and chloroform-treated homogenate 
were assayed together at zero time, the resulting activity in the 
first 3 minutes was additive. 


IV 

Inhibitory effect on p-hydroxryphenylpyruvic acid oridase by ether 

extract from enzyme preparations inhibited by excess substrate 

or phenylpyruvate 

The extracted material prepared as described in the text was 
placed in the side arm of the Warburg vessels with 10 wmoles of 
p-hydroxyphenylpyruvie acid. The main compartment con- 
tained 1.0 ml of chloroform-treated homogenate, 2 wmoles of 
a,a’-dipyridyl, and 20 wmoles of glutathione. At zero time the 
contents of the side arm were tipped and the initial rate of p-hy- 
droxyphenylpyruviec acid oxidation was measured. 


pmole umole 
Enzyme inhibited by excess sub- 
Enzyme inhibited by phenyipy ru- 
Control uninhibited enzyme....... 0.22 


* The enzyme preparations were inhibited by incubating 1.0 
ml of chloroform-treated homogenate with either 20 wmoles of 
p-hydroxyphenylpyruvie acid or 0.1 umole of phenylpyruvate as 
described in section on manometric assay. After complete in- 
hibition the contents of the flasks were dialyzed against dilute 
phosphate buffer for 16 hours. Control flasks, without substrate 
or phenylpyruvate, were carried through the incubation and di- 
alysis procedure. 


fied supernatant fraction). Under these conditions p-hydroxy- 
phenylpyruvie acid or phenylpyruvate is almost completely 
extracted into the organic phase, and any similar acidic inhibitory 
product derived from the substrate would behave in a similar 
fashion. The organic acids were then extracted back into the 
aqueous phase by the addition of a known volume of 0.5 m phos- 
phate buffer, pH 8. This procedure concentrated the incubation 
mixtures and had the advantage of removing organic acids. The 
extracted material was then assayed for its effect on p-hydroxy- 


Initial rate of oxidation 
of p-hydroxyphenyl. 
pyruvic acid during 


| 
Addition from side arm | 
| first 5 minutes 
| 


wl 
Extracted tissue control.................... 40 
Extracted phenylpy ruvate inhibited incu- 
Extracted excess substrate inhibited incuba- | 


* The amount of extracted material added per flask was equiv- 
alent to that generated per flask during the preceding incubation 
from 20 wmoles of p-hydroxyphenylpyruvie acid or 0.12 gmole of 
phenylpyruvate alone. 


phenylpyruvie acid oxidase (Table IV). As can be observed, 
there was at least 50% inhibition of p-hydroxyphenylpyruvic 
acid oxidase by the material obtained from the enzyme system 
inhibited by excess substrate or by phenylpyruvate. The ex- 
tracted tissue control showed no inhibitory effect on the initial 
rate of oxidation of p-hydroxyphenylpyruvie acid. 


DISCUSSION 


Inhibition of p-hydroxyphenylpyruvic acid oxidase by excess 
substrate is unusual in that the initial rate of oxidation is un- 
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affected and inhibition appears after a lag period. At the onset 
of inhibition, the rate of oxidation changes to a new reaction 
rate. This change is more obvious when the reciprocal of the 
time is plotted versus the reciprocal of the oxygen uptake. This 
type of inhibition is similar to that encountered in other enzyme 
systems in which inactivation occurs due to product formation, 
ie. ascorbic acid oxidase (11) or by substrate in the case of cata- 
lase (12). 

The data on substrate inhibition presented illustrate the im- 
portance of the ratio of the concentration of p-hydroxyphenyl- 
pyruvic acid oxidase to that of the substrate, and this has been 
demonstrated by manometric and by spectrophotometric assay 
methods. An earlier report that no protection of the enzyme by 
reducing agents was necessary under the milder conditions of the 
spectrophotometric assay (5) appears to be based upon experi- 
ments in which the ratio of substrate to enzyme was relatively 
low only in the spectrophotometric assay. However, as the 
data presented indicate, upon increasing the substrate concentra- 
tion to levels which give a ratio of substrate to enzyme equivalent 
to that in the manometric assay, the spectrophotometric assay 
also shows a need for reducing agents to prevent substrate inhibi- 
tion. Further evidence of the importance of the oxidase-sub- 
strate concentration ratio was the finding that an enzyme prepa- 
ration could catalyze the oxidation of relatively large amounts of 
p-hydroxyphenylpyruvie acid gradually generated from L-tyro- 
sine. However, if the enzyme was exposed to the equivalent 
amount of p-hydroxyphenylpyruvic acid at one time, the usual 
type of inactivation occurred. 

It is of interest that prolonged dialysis alone did not reactivate 
inhibited p-hydroxyphenylpyruvic acid oxidase preparations, 
even though all detectable substrate had been removed. If in- 
hibition were due to some reversible reaction between excess sub- 
strate and enzyme, 1.e. to form an inactive enzyme-substrate com- 
plex, one would expect reversal under these conditions. Even 
though dialysis alone did not reactivate the inhibited enzyme, 
reducing agents caused a gradual reactivation. Roka et al. (13) 
have recently demonstrated that p-hydroxyphenylpyruvic acid 
oxidase preparations inactivated by prolonged storage can also 
be reactivated by ascorbic acid or reduced 2 ,6-dichlorophenolin- 
dophenol. From the studies presented above it would appear 
that an alteration of the active sites of the enzyme has taken 
place due to a chemical change induced directly or indirectly by 
excess substrate. Perhaps the active sites of p-hydroxyphenyl- 
pyruvie acid oxidase must be maintained in a reduced state in 
order to protect them from any detrimental effects of a side 
product formed during the oxidation of large amounts of sub- 
strate. 

A possible explanation for these findings is that the inhibition 
is due to an inhibitory product formed from the excess substrate 
during the course of the reaction. Evidence supporting this pos- 
ability may be summarized as follows: there is no apparent in- 
hibition on the initial rate of oxidation by excess substrate; the 
kinetics of the inhibition are compatible with the formation of an 
inhibitor; and the similarity in inhibitory properties of phenyl- 
pyruvate and excess substrate. Furthermore, very low concen- 
trations of phenylpyruvate have been shown to have the capacity 
to inhibit p-hydroxyphenylpyruvie acid oxidase (4 ug of phenyl- 
pyruvate, preincubated with the enzyme in the presence of oxy- 
gen, caused up to 80° inhibition). 

Further evidence in favor of the accumulation of the inhibitory 
product was obtained in studies in which purified p-hydroxy- 
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phenylpyruvie acid oxidase preparations were added to the flasks 
during the course of oxidation of excess substrate. There was at 
least a 50°% decrease in the activity of the purified enzyme under 
these conditions. Secondly, studies with extracts prepared from 
incubation mixtures, inhibited by phenylpyruvate or excess p- 
hydroxyphenylpyruvic acid, have shown that the addition of this 
extracted material to an active p-hydroxyphenylpyruvic acid oxi- 
dase system also caused an initial inhibition of active enzyme. 
It is concluded that a very small fraction of the excess substrate 
may be converted to a potent inhibitor of p-hydroxyphenylpy- 
ruvie acid oxidase, and attempts to isolate and characterize such | 
a product are in progress. 


SUMMARY 


1. Inhibition of p-hydroxyphenylpyruvic acid oxidase by ex- 
cess substrate can be prevented by ascorbic acid or reduced 2,6- 
dichlorophenolindophenol. Comparative studies on the relative 
effectiveness of these reducing agents have shown that reduced 
2 ,6-dichlorophenolindophenol is 700 times as effective as ascorbic 
acid with purified enzyme. 

2. Studies on the kinetics of the inhibition of p-hydroxyphenyl- 
pyruvic acid oxidase are presented, and the influence of substrate 
concentration and reducing agents on the inactivation of the oxi- 
dase is evaluated. The reactivation of the inhibited enzyme 
after prolonged dialysis by reduced 2 ,6-dichlorophenolindophenol 
is described. 

3. Analogues of p-hydroxyphenylpyruvie acid have been 
tested as inhibitors to determine the structural requirements for 
inactivation of p-hydroxyphenylpyruvic acid oxidase. 

4. Comparative studies with phenylpyruvate and excess p- 
hydroxyphenylpyruvic acid have demonstrated a marked simi- 
larity in the inhibition of p-hydroxyphenylpyruvic acid oxidase 
by these compounds. 

5. Evidence is presented that the inactivation of p-hydroxy- 
phenylpyruvie acid oxidase may be due to the formation of an 
inhibitory product generated during the oxidation of excess sub- 
strate. 
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Presence of Selenium-75 in the Mercapturic Acid 
Fraction of Dog Urine 


KENNETH P. McConne.ti, A. E. KrReamMer, D. M. Roru 


From the Radioisotope Service, Veterans Administration Hospital, and School of Medicine, 
University of Louisville, Louisville, Kentucky 


Tissue-bound rather than free amino acid sulfur is believed to 
be the source of sulfur for mercapturic acid synthesis according 
to Stekol (1), and Gutman and Wood (2, 3). Since it is known 
that selenium occurs in animal tissue proteins (4-7), and since 
studies have demonstrated that trace amounts of administered 
Se7> were in the selenocystine-cystine fraction of dog liver pro- 
teins (8), the question arises whether selenium can replace sulfur 
in the synthesis of a selenium analogue of mercapturic acid. 
Experiments were conducted in which dogs given injections of 
Se7> were fed bromobenzene, and the mercapturic fraction of the 
urine was isolated and assayed for Se7°. It was observed that 
Se7> was in the p-bromopheny] mercapturic acid fraction isolated 
from dog urine. 


EXPERIMENTAL 


Methods and Procedures 


Three normal healthy dogs were given by subcutaneous in- 
jection 0.5 to 1.6 me of H2Se75O; containing 0.04 to 0.21 mg of 
selenium, and were then fed bromobenzene in two or three 24- 
hour divided doses (Table 1). The mercapturic acid fraction 
was isolated from three consecutive 24-hour urine samples ac- 
cording to the method of Dziewiatkowski (9). Mercapturic acid 
used as a reference compound was synthesized with the use of 
the method of du Vigneaud et al. (10). Synthetic and isolated 
mercapturic acid samples were chromatographed on 3 MM 
Whatman filter paper in one dimension by the method similar 
to that of Williams and Kirby (11) in which 38.1 x 38.1-cm 
paper formed into a cylinder was placed in a glass jar 15.2 em 
in diameter and 45.7 cm in height. The solvent system used 
was 95% ethanol and 1 M ammonium acetate, and the spots 
were located under ultraviolet light. Tert-butyl alcohol-formic 
acid-water (Solvent I), and phenol-ammonia-water (Solvent I) 
were used to chromatograph Horn and Jones’ (12) crystalline 
substance isolated from Astragalus pectinatus; 3 MM Whatman 
filter paper was used, and the chromatograms were developed in 
ninhydrin reagent. The assay of Se7® was carried out in a well- 
type Berkeley scintillation detector (8). 


RESULTS 


Table II shows the Se7® activity found in the mercapturic acid 
fraction isolated from dog urine. Approximately 11% of the 
‘otal urine Se7> was extracted with CHCl;, and approximately 
1.6% of the Se?> in the CHC}; fraction was found in the mer- 
eapturic acid fraction recrystallized three times. With the spe- 
cific activity value of a standard sample of Se7® and assuming 
all the selenium to be in the form of “selenomercapturic acid,” 
an estimate of the amount of selenium in the mercapturic frac- 


tion was made. The ratio of moles of mercapturic acid to moles 
of “selenomercapturic acid’? was about 14 « 10°:1. This ratio 
represents only radioactive selenium, exclusive of endogenous 
sources of the element. Quantitative analyses of the synthetic 
mercapturic acid agreed with theoretical values. 


Calculated: C 41.51, H 3.80, N 4.40, 8 10.06 
Found :' 41.64, H 3.65, N 3.95, 8 10.12 


To confirm our results which showed trace amounts of Se** in 
the mercapturic acid fraction, and to rule out possible contami- 
nation of the mercapturic acid crystals, paper chromatographic 
experiments were undertaken. It was found that the R, values 
for mercapturic acid isolated from urine (Table 11, Column 5) 
agreed well with the Ry values for synthetic mercapturic acid 
(Table III, Column 7). Fig. 1 shows the Se** activity of the 
mercapturic acid fraction on the chromatograms when the per- 
centage of total chromatogram Se’® activity is plotted against 
Ry values. The solid line shows the average of three determin- 
ations with the standard deviation of those values. The peak 
concentration of Se?® on the chromatogram appears at BR, 0.85, 
close to the Ry value for synthetic mercapturic acid at 0.89. 
Radioanalysis of the mercapturic acid spots alone gave a value of 
35.8% of the total chromatogram count, whereas the activity of 
the chromatogram area from R» 0.85 to 0.90 was 36.7% of the 
total chromatogram. Complete chromatographic analyses of 
two dog mercapturic acid fractions are shown in Table III. Of 
the total chromatogram Se7® activity 30 to 45% was found at 
the Ry value of synthetic mercapturic acid. In another sep- 
arate experiment, Se7® as H»Se7"O; was mixed with synthetic 
mercapturic acid and applied to the chromatogram; 60% of the 
total chromatogram count was present at Ry» value 0.4, and less 
than 1% at each Ry from 0.5 to 1.0. Chromatographic analyses 
of the selenium crystalline substance isolated from Astragalus 
pectinatus showed one spot with Ry» values of 0.03 (Solvent I) 
and 0.37 (Solvent I1), and a second spot with Ry» values of 0.11 
(Solvent I) and 0.36 (Solvent ID). 


DISCUSSION 


The mercapturic acid fraction isolated after the administra- 
tion of Se?® and the feeding of bromobenzene may be an iso- 
morphic mixture of mercapturic acid, p-bromophenyl mereap- 
turic acid, and the selenium analogue which is designated as 
“selenomercapturic acid.” To date these two compounds have 
not been resolved. It is not the first time that the phenomenon 
of an isomorphic mixture of selenium and sulfur compounds has 


' Analyses were made by the Clark Microanalytical Laboratory, 
Urbana, Illinois. 
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Taste 
Bromobenzene administration and urine collection times 


ou 


Time after injection of Se’* 


© be. 24 brs. 48 hrs. 72 hrs. 96 brs 
I Bromobenzene given | L47¢g 
Urine collection Diseard Sample A Sample B 
Il  Bromobenzene given 2H¢ 20¢ 
Urine collection | Diseard Sample A Sample B Sample C 
lil Bromobenzene given 4.41 ¢ 4Alg 441 ¢ 
| 
Urine collection Sample A Sample B Sample C 
Il 
Se” activities of urine, CHCl, and mercapturic acid fractions 
| Urine | CHCl, fraction | Mercapturic acid fraction 
| x pom x activity | Totale pm. | ¢.p.m./mg | 
I A 24-48 | 110 11.5 | 1.633 me 
| | | | (2.1 mg Se) subcutaneously 
| B | 48-72 79 142 17.8 742,000 8,700 0.52 Female, 19.5 kg 
| | | | 
Il A 24-45 30 448 14.9 85,600 32,900 | 1.91 1.131 me H.SeO,; 
B 48-72 21 1.64 7.8 | 51,800 137 | 3.16 | (0.2 mg Se) subcutaneously 
Cc 72-06 | 34 4.17 | 12.0 | 98, 100 243 | 2.35 | Male, 20.4 kg 
111 0-24 20.2 | 3.13 15.5 | 76,000 288 2.4 | 0.564 me H.SeO, 
| B 24-48 17.9 | 1.44 8.0 9,970 29 (0.04 mg Se) subcutaneously 
| Cc 48-72 18.8 1.23 6.5 4,540 27 0.4 | Male, 19.0 kg 
Ill 
Chromatography of mercapturic acid 
| Se" mercapturic acidt acid 
] STANOARD DEVIATION 
No. % % 
Il B 5 31.6 + 4.60.86 + 0.01 100.3 + 10.10.89 + 0.01 0% (A) SYNTHETIC M.A. 
' 8 36.7 + 2.20.86 + 0.01 98.9 + 6.70.89 + 0.01 Sa 
25% + 
Il A 2 30.3 + 1.30.91 + 0.01 9.62 3.00.92 + 0.01 UF 
B 2 45.3 + 8.80.89 + 0.01 83.5 + 4.00.89 + 0.01 
C 1 30.0 O.87 + 0.01 69.6 0.91 + 0.01 m= 
| 
* Each chromatogram contained 5 spots of the respective iso- 
lated sample plus two synthetic mercapturic acid. Each spot a. 
contained approximately | mg of mereapturic acid. The solvent '0%? 
system used was 75 ml of 95°) ethanol and 30 ml of 1 M ammonium 
acetate, and was run for 17 hours. The spots on the chromato. 5%4 
grams were located under ultraviolet light, cut out, pooled for 
t Each chromatogram was divided from the point of applica- 0 OF G2 03 O04 OS O6 OF O8 OF 1.0. 


tion to the front into 10 equal parts, cut from the chromatogram, 


and assayed for Se”. Fic. 1. Se’* activity in mereapturic acid fraction 
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been suggested. Paper chromatography experiments with liver 
protein have shown nearly identical Ry values for selenocystine 
and cystine; further, the copper salt of both selenocystine and 
cystine can be precipitated under the same conditions (8). Horn 
and Jones (12) isolating a crystalline substance from Astragalus 
pectinatus, characterized the substance possibly as a mixture of 
cystathionine and its selenium analogue in the ratio of 1:2. The 
percentage composition corresponded to a mixture of two iso- 
morphic compounds. In our laboratory, chromatographic anal- 
ysis of Horn and Jones’ crystalline material from Astragalus 
pectinatus revealed two distinct spots very close together on the 
chromatogram. 

The possibility that selenium may substitute for sulfur in the 
synthesis of mercapturic acid was suggested by Moxon et al. (13) 
who noted that dogs fed selenium in the form of seleniferous corn, 
and steers grazing on a seleniferous pasture (organic selenium), 
showed a reduction in the selenium content of the blood and a 
rise in the urinary output of selenium when fed bromobenzene. 
The selenium content of the mercapturic acid excreted by these 
animals was not reported. In 1941, Westfall and Smith (14) in 
carefully controlled experiments on rabbits fed seleniferous wheat 
(organic selenium) found that the selenium excreted in the urine 
was mainly in organic combination appearing in the etheral sul- 
fate and neutral sulfur fractions. Further, they found that the 
feeding of bromobenzene to selenized rabbits did not increase the 
urinary selenium output, nor did it cause a decrease in tissue 
selenium. p-Bromophenylmercapturic acid isolated from the 
urine of these animals fed bromobenzene contained only small 
amounts of selenium in the crude mercapturic acid fraction. 
Therefore, they concluded that little selenium is likely to be 
eliminated as the selenium analogue of p-bromophenylmercap- 
turic acid. Previously there has been no conclusive evidence of 
the formation of the selenium analogues of mercapturic acid. 


Selenium-75 in Mercapturic Acid 


Vol. 234, No. 11 


The evidence reported here supports the contention that the dog 
has the ability to synthesize selenium compound(s) analogous 
to mercapturic acid. 


SUMMARY 


Experiments were carried out in which dogs were given Se 
by injection and fed bromobenzene. The mercapturic acid 
fraction of the urine was isolated and assayed for Se™*. The 
evidence obtained indicated that in the dog the selenium analogue 
of mercapturic acid can be formed; these results therefore pro- 
vide further evidence that trace amounts of administered sele- 


nium appear as selenocystine in the tissues of the dog. 
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Metabolism of Methyl-labeled S-Methylcysteine in the Rat* 
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(Received for publication, June 23, 1959) 


Evidence has recently been presented for the natural occur- 
rence of S-methyleysteine in kidney bean seeds (2) and in Neuro- 
spora crassa (3). The sulfoxide of S-methyleysteine has also 
been shown to occur in relatively high concentrations in the non- 
protein nitrogen fraction of turnips, cabbage, and several other 
crucifers (4, 5). It is also of interest that the peptide, y-glu- 
tamyl-S-methyleysteine, has been isolated from the seeds of 
various leguminous plants (6, 7). 

S-Methyleysteine can be degraded by various bacteria (8, 9), 
and synthesized by molds (3) and yeast extracts (10). The 
amino acid has not as yet been demonstrated as a naturally oc- 
curring compound in mammalian tissues, and it was found to be 
ineffective in restoring growth of rats (11) and rabbits (13) on a 
eystine-deficient diet. On the other hand, increases in total 
sulfate exeretion have been noted when S-methyleysteine was 
fed to dogs (12) and rabbits (13). In view of the widespread oc- 
currence of S-methyleysteine in plants, the possibility exists that 
S-methyleysteine may play an important role in the normal 
metabolic processes of plant and also animal tissues. 

The present investigation is concerned with determining the 
extent of oxidation of the methyl group to carbon dioxide and 
the degree of incorporation of the methy! carbon into tissue cho- 
line and creatine in the intact rat. 


EXPERIMENTAL 


Radioactive Compounds—-S-Methyleysteine labeled with C™ in 
the methyl group was synthesized by reduction of L-cystine in 
liquid ammonia with sodium followed by methylation of the 
eysteine with C“H,I (13). The water soluble product gave the 
following analytical results: m.p., 244-246° (with decomposition) ; 
N analysis (Kjeldahl), theory 10.4°;, found 10.3° ; specific rota- 
tion, |a]” —30.3° (1% in water); nitroprusside test for sulfhydryl 
groups, negative. Paper chromatography of the product in 80% 
pyridine solvent revealed a single ninhydrin-reacting spot which 
contained all of the detectable radioactivity. 

t-Methionine labeled with C™ in the methyl group was pur- 
chased from Isotope Specialties Company, and was diluted with 
nonisotopic L-methionine before use. 

Oxidation Experiments—Weanling male albino rats (Wistar 
strain) were maintained on a 20°; casein, choline-free diet (14) 


for 6 to 7 weeks. Food and water were supplied ad libitum at all 


* This investigation was supported in part by a grant from the 
National Institutes of Health, United States Public Health Serv- 
ice (A-2478). A preliminary report of this work has been pre- 


sented before the annual meeting of the American Society of 
Biological Chemists (1). 

t Inquiries regarding this article should be addressed to this 
author. 


times. In one oxidation experiment, rat No. 581 (weight 165 g) 
was given an intraperitoneal injection of 0.15 mmole of radioac- 
tive S-methyleysteine and placed for 24 hours in an all-glass 
metabolism chamber (15, 16) which was connected to a gas ab- 
sorption train. Expired CO, was collected in alkali for six con- 
secutive l-hour intervals and then in a single collection for the 
period 6 to 24 hours. 

In another experiment, rat No. 591 (weight 180 g) was given 
an intraperitoneal injection of 0.15 mmole of radioactive methio- 
nine and the rate of methy! oxidation to CO, was measured for 
24 hours as above. The animal was then removed from the me- 
tabolism chamber. After a 3-day period, the same rat was re- 
turned to the chamber and a residual rate of C“O, expiration was 
determined. It was found that less than 0.1% of the initial dose 
of methionine was being expired per hour. The rat was then 
given an intraperitoneal injection of 0.15 mmole of radioactive 
S-methyleysteine and the C™“O, expiration was determined as 
before. The residual rate of C“O, expiration due to methionine 
was subtracted from the C™O, expiration found after labeled S- 
methyleysteine administration. 

Incorporation into Choline and Creatine—Rats were grown from 
weanling age on the 20°% casein, choline-free diet until they were 
over 200 g in weight. The rats were given an intraperitoneal in- 
jection of either S-methyleysteine or methionine in nine equal 
doses, three times daily for 3 days. A total of either 1.21 or 2.42 
mmoles of each labeled compound was administered. The rats 
then were killed by decapitation and the carcasses were frozen 
immediately. 

Choline and creatine were isolated from the carcasses (minus 
the liver) or from the liver (17). The creatinine potassium pic- 
rate so obtained was converted to creatinine -HCl] by passage of a 
hot solution of the picrate through a heated column of Amberlite 
IR 400 Cl-. Creatinine was isolated from the column effluent 
as the zine chloride salt by the method of Benedict (18). Cho- 
line chloroplatinate and creatinine zine chloride were degraded 
(17) to obtain the methyl groups as trimethylamine and methyl- 
amine chloroplatinates, respectively. The purity of the chloro- 
platinates of choline, trimethylamine, and methylamine was es- 
tablished by platinum analyses. The purity of creatinine zine 
chloride was determined by colorimetric analysis (Jaffé). All iso- 
lated samples were found to be pure within +2% of theory. 

Assay of Radioactivity—aAll samples were burned to CO, which 
was then assayed as BaC'O; with a gas flow Geiger-Muller tube. 
The specific activity of the S-methyleysteine was 7.56 « 10* 
c.p.m. per mmole and that of the diluted methionine was 5.19 x 
10° ¢.p.m. per mmole. In the oxidation experiments, expired 
CO, was determined after precipitation as BaC™O; from the 
alkaline absorption solutions. 
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RESULTS AND DISCUSSION 


Oxidation Experiments—The rates of conversion of the labeled 
methyl] carbons of S-methyleysteine and methionine to CO, are 
given in Fig. 1. The maximum rate of oxidation of the methy! 
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Fic. 1. A comparison of the rates of oxidation to CO: of the 
labeled methyl carbons of S-methylcysteine and methionine. Rat 
No. 581, S-methyleysteine injection, @——@; Rat No. 591, 
methionine injection, O——O, S-methyleysteine injection, 


TABLE I 


Percentage of radioactivity of administered compound 
appearing in expired CO, 


S-Methylcysteine Vol. 234, No. 11 
group of S-methylcysteine was reached 3 to 5 hours after the ad- 
ministration of the compound to both animals. This result is 
in contrast to that observed for methionine where the maximum 
rate was attained at about 2 hours (cf. also (19, 20)). The initial 
sharp rise in the oxidation of methionine methy! group was fol- 
lowed by a rapid decline whereas the methy! group of S-methyl- 
cysteine exhibited a slower initial rate, rising to a broad maximum 
followed by a slow decline. Table I summarizes the cumulative 
conversion of the labeled methy! carbons to CO, during the 24 
hour period. Irrespective of the more rapid initial oxidation of 
methionine methy! carbon, the total conversion to CO, during 24 
hours was only 17°) compared to 34 and 37% for the conversion 
to CO, of the methy! carbon of S-methyleysteine. 

Various enzyme preparations obtained from rat liver (21, 22) 
have been shown to cleave S-methylcysteine to give methyl] mer- 
captan. To determine whether radioactive methyl mercaptan 
was expired by the rats in the present experiment, carrier methy] 
mercaptan was added to several alkaline aliquots from the ab- 
sorption train. The solutions were acidified with HC! and then 
a saturated mercuric chloride solution was added in excess. The 
insoluble mercury mercaptide was assayed for radioactivity and 
found to be inactive. If methyl mercaptan arises from S-meth- 
ylcysteine in the body, the mercaptan itself is probably oxidized 
rapidly to CO, (23). 

Incorporation into Choline and Creatine—The pertinent data 
regarding the rat weights, radioactivities, and quantities of the 
injected compounds, and the radioactivities of the isolated com- 
pounds and their degradation products are given in Table IL. 
It should be noted that the methy] carbons of both S-methyl- 
cysteine and methionine were incorporated by the rats into tissue 
choline and creatine. However, the extent of incorporation into 


taint ateee "a. Rat No. S91 choline of the carcass was considerably greater for the methyl 
injection carbon of methionine than for the methyl carbon of S-methyl- 
aoa | ae cysteine. The creatine data showed a similar pattern of incor- 
hr. % % % poration. In all cases, the distribution of the isotope in the iso- 
1 1.0 1.2 28 lated choline and creatine discloses a predominant labeling of the 
2 4.2 4.2 6.9 methyl groups. 
3 8.4 7.8 10.6 In view of the similarity in structure between S-methylcysteine 
4 12.5 11.7 12.2 and methionine, the problem arises as to whether or not the 
° 16.6 15.4 12.8 methyl group of S-methyleysteine is transferred tn toto in the for- 
24 33 6 7 1 16.9 mation of choline and creatine. The data obtained in the present 
experiment do not permit a definite decision. In the studies by 
TABLE II 
Incorporation of labeled methyl carbon into choline and creatine 
Rat | Injected compound Isolated compounds 
| 
g. mmoles c.p.m./mmole c.p.m./mmole c.p.m./mmole | c.p.m.j/mmole c.p.m./mmole | 
632 21 1.21 7.56 10° 1.23 & 104 9.94 10° | Sl 5.13 10° 2.57 10° | 
638 253 2.42 7.56 X 10° 7.91 X 10 7.84 X 10° | 99 1.08 9.31 10° = 86 
Methionine | | 
756 | 5.19 & 10° 5.64 10° 6.06 10° 107 177x108 | 10° | 78 
| | 1.43 10 | 1.27x 10 89 | | 
757 227 | 2.42 5.19 X 10° «1.97 & 105 150x108 | 7% 
| | 3.09 X 10 | 3.02 x 10% 9s 


* Compounds isolated from liver. 


All others isolated from carcass minus liver. 
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du Vigneaud et al. (24) of the methy! precursor activity of labeled 
formate, formaldehyde, and methanol, the dilutions of the ad- 
ministered radioactivity observed are of the same order of mag- 
nitude found with S-methyleysteine in the present experiment. 
It is also significant that Cantoni (25) was unable to demonstrate 
activation in vitro of S-methyleysteine by the methionine-ac- 
tivating enzyme of pig and rat livers. These points suggest 
that the methyl group of S-methyleysteine like that of methanol 
(24, 26, 27), is handled by the processes of oxidation and reduc- 
tion before incorporation into choline and creatine or that the 
transfer of an intact methyl group in vive proceeds at a much 
slower rate than methionine methyl. Conclusive evidence about 
the possible participation of S-methyleysteine in transmethyla- 
tion must await experiments with an intramolecularly double- 
labeled methyl group. 

Investigations are in progress to determine the urinary 
products of labeled S-methyleysteine metabolism. Preliminary 
results have revealed the excretion of radioactive compounds 
which contain sulfur, as indicated by the platinic iodide reaction, 
and which are not S-methyleysteine or its sulfoxide. 


SUMMARY 


The metabolism of methyl labeled S-methyleysteine was in- 
vestigated in the intact rat. The oxidation of the methyl group 
to CO». was compared to the oxidation of the methyl group of 
methionine within the same animal. A plot of the oxidation 
rate curves demonstrates distinct differences. Although the ini- 
tial rate of oxidation of the methionine methyl group was more 
rapid, approximately twice as much of the methyl group of S- 
methyleysteine was oxidized to COz during the 24-hour period 
after the administration of the labeled compounds. 

Multiple injections of C-labeled S-methyleysteine or meth- 
ionine into rats demonstrated that the extent of incorporation 
of the label into tissue choline and creatine was considerably 
greater for the methy] carbon of methionine than for the methyl 
carbon of S-methyleysteine. The possibility for the transfer in 
toto of the methyl group of S-methyleysteine in the formation 
of choline and creatine is discussed 
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It is now well established that insulin in vitro enhances the 
incorporation of labeled amino acids into the protein of isolated 
rat diaphragm (1-6); this stimulating action of insulin on pro- 
tein synthesis appears not to depend on a simultaneous stimula- 
tion by insulin of glucose utilization (4~6). Whether insulin 
promotes the transfer of labeled amino acid from the medium 
into the protein of isolated diaphragm by increasing the rate of 
entry of amino acid from the medium into the cell (4, 7) or by 
some other means has been uncertain. 

Manchester and Young (8, 9) have recently shown that C™ 
from pyruvate, ketoglutarate, and bicarbonate can be incorpo- 
rated by isolated rat diaphragm into certain amino acids of its 
protein. If insulin stimulates incorporation of amino acids into 
protein by affecting the rate of their entry into the cell, incorpora- 
tion of amino acids formed within the cell should not be influenced 
by insulin. In an attempt to define more precisely the mecha- 
nism of the action of insulin in this respect we have studied the 
effect of insulin on the uptake of C™ from various C'labeled 
carboxylic acids and bicarbonate into the protein of isolated rat 
diaphragm. Our results suggest that insulin stimulates incor- 
poration of amino acids into protein, not by an effect on the rate 
of their entry into the cell, but by influencing some intracellular 
process, the details of which are discussed. 


EXPERIMENTAL 


Methods 


Incubation of Diaphragm—Hemidiaphragms from nonfasting 
female Sprague-Dawley rats were incubated for 2 hours at 37° 
in Krebs-bicarbonate buffer, equilibrated with 95% O--5°% COs, 
pH 7.4, in the presence of various C'-labeled compounds, with- 
out or with addition of insulin (0.1 unit of crystalline zinc beef 
insulin per ml). No glucose was added to the medium. La- 
beled citrate, succinate, acetate, formate, and bicarbonate were 
purchased from Tracerlab, Inc.; ketoglutarate, isobutyrate, py- 
ruvate, and propionate from Nuclear-Chicago Corporation. The 
quantity of radioactivity and the total concentration of labeled 
material added in each experiment in which incorporation (Ta- 


* This investigation was aided by grants from the National 
Institutes of Health, United States Public Health Service (No. 
A-1653(C2), Eli Lilly and Company, and the Wallace C. and Clara 
A. Abbott Memorial Fund of the University of Chicago. 

t Permanent address: Department of Biochemistry, University 
of Cambridge, England. 

! This was a sample (Lot 657501) supplied through the kindness 
of Mr. G. B. Walden of Eli Lilly and Company. 


ble I) or accumulation (Table I1]) of C“ was studied is shown in 
Table I. All counts are corrected for self-absorption and re- 
corded as measured on a counter of 40% efficiency. In some 
experiments the hemidiaphragms were incubated singly in beak- 
ers containing 1 ml of medium and exposed to the flowing gas 
phase throughout the course of the incubation; in others six 
hemidiaphragms from six rats were incubated in conical flasks 
containing 6 ml of medium, the other six hemidiaphragms from 
the same rats being incubated likewise together; the flasks were 
equilibrated with the gas phase immediately after receiving the 
hemidiaphragms, then sealed during incubation. The experi- 
ments with NaHC™O; were performed as described by Man- 
chester and Young (8). 

Accumulation of Soluble Radioactivity— After incubation, each 
hemidiaphragm was blotted, weighed, and placed in 10 ml of 1% 
trichloroacetic acid at 100° for 5 minutes. A 1-ml sample of the 
soluble extract was transferred to a 3 cm diameter stainless steel 
planchet, evaporated to dryness under an infrared lamp, and 
counted; in the experiments with formate, acetate, propionate, 
pyruvate, and isobutyrate the trichloroacetic acid was replaced 
by water and the extract was made slightly alkaline before dry- 
ing to avoid loss of volatile acid. An 0.05-ml sample of the incu- 
bation medium was diluted to 5 ml; 1 ml was transferred to a 
planchet and dried in a like manner. The number of counts per 
unit weight of diaphragm water (assuming 25% dry weight) was 
calculated and divided by the number of counts per unit volume 
remaining in the incubation medium. 

Preparation of Protein Samples—The residue from the above 
extraction with hot H,O or trichloroacetic acid was ground in a 
mortar, and heated for 15 minutes at 90° in 10 ml of 10% tri- 
chloroacetic acid. The insoluble material was dissolved in 3 ml 
of 88° formic acid to which 0.6 ml of 30% hydrogen peroxide 
was added, and the mixture allowed to stand at room tempera- 
ture for 30 minutes. At the end of this period the protein was 
reprecipitated with 10° trichloroacetic acid, washed 3 times with 
acetone, suspended in petroleum ether, and poured onto 2 cm di- 
ameter tared copper disks. When the petroleum ether had evap- 
orated, the disks were reweighed and counted. The results were 
expressed as counts per minute per mg of protein. 

Incorporation of C into Glycosyl Residues of Glycogen—Pyru- 
vate-3-C™ was added to the medium at the concentration speci- 
fied in Table IV. At the end of the 2-hour incubation period 
the weighed hemidiaphragm was transferred to 1 ml of 30% KOH 
containing 15 mg of carrier glycogen, and heated to 100°. When 
the diaphragm had dissolved, 0.1 ml of 1% sodium sulfate solu- 
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TaBLe I 
Effect of insulin in vitro on incorporation of radioactivity from C-labeled carborylic 
acids and bicarbonate into protein of isolated rat diaphragm 
Addition to medium | Radioactivity*® incorporated into protein 

by insulin 
Substance _ Concentration No insulin | Insulin added, 0.1 unit/mi 

mM | c.p.m./mg % 
2.5 25 + 1.0 (12)T 31 + 0.55 (12) 24 
| 2.5 142+ 6.7 (6) 185+ 4.2 (6) 30 
Succinate-2-C™.......... de we 2.2 95 + 5.7 (12) 172+ 5.0 (12) 81 
| 0.9 | 20 + 0.55 (6) 37 +1.1 (6) 85 
+ axidedpuhsbpaeketeavebvebucees | 0.4 | 1013 + 42 (6) 1649 + 97 (6) 6+ 
si 0.9 | 3080 + 182 (6) 5320 + 313 (6) 73 
2.0 | 1102 + (6) 1656 + 107 (6) 50 
40.0 | 65+ 3.8 (6) 98 +9.7 (6) 51 
| 2.0 | 39 + 2.8 (6) 56+ 2.7 (6) 44 
| 26.0 51 + 1.5 (18) 77+ 3.4 (18) 51 


* The radioactivity added was 1.6 X 10° c.p.m. per ml of medium in every case except with bicarbonate, in which it was 4 « 10 


¢.p.m. per ml. 


+t Mean + 8.E.; number of observations is shown in parentheses. The difference between the samples without and with insulin was 
in each case significant to p < 0.001, except for formate p < 0.002, and acetate p < 0.01. 


tion and 2.7 ml of 95% ethanol were added. The mixture was 
chilled to —5° for 1 hour; the precipitated glycogen was collected 
by centrifugation, washed with 5 ml of 70% ethanol, and ex- 
tracted twice with 1 ml of 10% trichloroacetic acid. The glyco- 
gen was reprecipitated by addition of 0.1 ml of 1% sodium sulfate 
solution and 5.0 ml of 95% ethanol. The precipitate was washed 
3 times with acetone and plated as described for protein. The 
quantity of glycogen plated was in every case approximately 10 
mg. 

To show that the radioactivity present in the glycogen samples 
was indeed in the glycogen and not a contaminant, the glycogen 
was hydrolyzed to glucose, the glucosazone derivative prepared 
(10), and its content of radioactivity determined. For this pur- 
pose, the glycogen samples from the above experiment were 
pooled. An 80-mg portion was heated for 2.5 hours at 100° in 
4 ml of 1 n HCl, neutralized with NaOH, and diluted to 20 ml; 
1.5 g of sodium acetate trihydrate and 1.0 g of phenylhydrazine 
hydrochloride were added, and the mixture heated for 1.5 hours 
at 100°. The solution was cooled for several hours at 4°, the 
crystals of glucosazone washed with water, recrystallized from 

© ethanol, and dried in a vacuum desiccator over CaCl,; 10-mg 
samples of glucosazone were plated and counted. 

Glycogen was determined chemically by the anthrone method 
of Seifter et al. (11). 

Location of C™ in Protein Hydrolysates—The method for de- 
termining into which protein-bound amino acids C' from the 
various substrates was incorporated has been described (9), ex- 
cept that the 1.5 n HCl used to elute amino acids was here re- 
placed by 1 N HCL. 


RESULTS 


Insulin in vitro (0.1 unit per ml) was found to stimulate the 
incorporation into protein of isolated rat diaphragm of C™ from 
citrate-1 ,5-C™, ketoglutarate-5-C™, succinate-2-C™, isobutyrate- 
1-C“, propionate-1-C™, pyruvate-3-C™, acetate-1-C"™, formate- 
C¥ and NaHCO; (Table I). The magnitude of the stimulation 
of incorporation produced by insulin was in all cases of the same 
order as has been found with amino acids (4-6). As with amino 


TABLE II 
Effect of administration of insulin in vivo on incorporation of 
radioactivity from C'4-bicarbonate into protein of 
diaphragm in vitro 
Each rat received 1 unit of insulin subcutaneously 1 hour be- 
fore removal of the diaphragm. 


Rats injected with 
c.p.m./mg 


* Mean + S.E.; number of observations is shown in parenthe- 
ses. The insulin effect is significant to p < 0.001. 


acids,” a large increase in the amount of labeled acetate added to 
the medium did not alter the percentage increase in incorporation 
produced by insulin (Table I). Administration of insulin before 
removal of the diaphragm also led to a significant stimulation 
of incorporation of C“ from NaHCO, into diaphragm protein 
in vitro (Table I1). 

The C was found present in aspartate and glutamate for all 
precursors except formate-C™ (in which case only serine was la- 
beled), and also in alanine for labeled succinate, isobutyrate, 
propionate, and pyruvate. As has been shown by Manchester 
and Young previously (9), analysis of a hydrolysate of protein 
from diaphragm incubated with NaHCO; indicated that C™“ 
incorporated into protein was contained in the aspartic and glu- 
tamic acid fractions to a roughly equal extent. Addition of in- 
sulin to the medium, although increasing the amount of radio- 
activity incorporated into protein, did not affect the distribution 
of radioactivity among the different amino acids contained in the 
protein. 

It has been suggested (4, 7) that the enhanced incorporation of 
amino acid into protein of diaphragm in the presence of insulin 


? Compare figures for effects of insulin on the incorporation of 
glycine into diaphragm protein in Manchester and Young (4) and 
Manchester et al. (12). 
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TaBLe III 


Effect of insulin on accumulation of soluble radioactive material from C'*-labeled 
carbozylic acids in isolated rat diaphragm 


Soluble radioactivity 
c.p.m./g tissue water 


Addition to medium | c.p.m./ml. medium | ~ 
| No insulin | Insulin added, 0.1 unit/ml 
0.63 + 0.025 (12)* | 0.65 + 0.017 (12) 3 
| 0.60+ 0.08 (6) | 0.63 + 0.10 (6) | 5 
0.62 + 0.028 (6) 0.65 + 0.021 (6) 5 
0.91 + 0.013 (6) 1.09 + 0.009 (6) 20 
dtu 3.86 + 0.034 (6) | 4.19 + 0.050 (6) | 
2.70 + 0.10 (12) | 2.78 + 0.11 (12) | 3 
| 0.83 + 0.008 (12) | 0.94 + 0.009 (12) | 13 


* Mean + 8.E.; number of observations is shown in parentheses. The difference between the insulin treated and control groups 
was not significant, except for isobutyrate, pyruvate, and formate, in which p < 0.001. 


TaBLe IV 
Effect of insulin in vitro on synthesis of glycogen from pyruvate by isolated rat diaphragm 
Sodium pyruvate-3-C™ added to medium | Radioactivity in 
Experiment No. 0.1 | Glycogen content of diaphragm | Radioactivity in glycogen tome 
Concentration | Radioactivity glycogen 
mg/ml c.p.mjml | | me/g wel wt. | c.p.m./10 me 
1 1.0 | 1 X 10° | _ | 2.35 + 0.07 (6)T 2414+ 18 (6) | 
| + 2.37 + 0.24 (6) 2142 + 84 (6) 
3 0.02 4X10 ~ 1500+ 84 (9) 
+ | 1890 + 167 (9) | 315 


* The c.p.m. are corrected to 100 mg of diaphragm for total recovery of 15 mg of carrier glycogen; see ‘‘Methods.”’ 

t Mean + 8.E.; number of observations is shown in parentheses. 

t The average hemidiaphragm weight in these experiments was 80 mg. The c.p.m. per 10 mg of glycogen was about 0.8 K 1590 X 
10/15 K 850. Ten mg of glucosazone contain 10 X 162/358 = 4.5 mg of glucosyl residues. The anticipated count for 10 mg of glu- 
cosazone is, therefore, 850 X 4.5/10 = 380, which agrees reasonably well with that obtained, i.e. 306, and suggests that the bulk of the 
C" in the glycogen is in fact contained in glucosy! residues. 


may be a consequence of a stimulation by insulin of the rate of | C-glycogen under conditions in which incorporation into protein 
entry of amino acids into the cell. It was possible in our experi- — was increased (Table [V). The lack of an insulin effect on for- 
ments that insulin stimulated the transfer of the various amino mation of glycogen from pyruvate has previously been shown 
acid precursors from the medium into the muscle cell, and that (13). 
the increased entry of C™ from these materials into protein was 
a secondary consequence of an increased accumulation of these 
materials in the intracellular fluid. However, when the accumu- Our results clearly suggest that insulin in vitro enhances the 
lation of soluble radioactive material’ was measured for the same incorporation of C™ of labeled carboxylic acids and NaHC™), 
samples of muscle from which the protein was taken, it was found _ into the protein of isolated rat diaphragm. As with amino acids 
in most cases that insulin had either no effect, or only a small (4-6) this stimulation occurs in diaphragm incubated in a me- 
effect, on the ratio of the amount of soluble radioactive material dium containing no added oxidizable carbohydrate; that is, un- 
in the tissue to that remaining in the medium (Table III). Con- — der conditions in which the effect of insulin in stimulating car- 
siderable variation in the apparent degree of accumulation of | bohydrate metabolism might be expected to be minimal. We 
different carboxylic acids (and products) was observed. Weare _ interpret these results, therefore, as further evidence that insulin 
uncertain as to the factors which control this ratio. It is clear, has a direct effect on aspects of metabolism not related to glu- 
however, that an enhanced accumulation of radioactive precur- cose transport (4-6). 
sors is not a necessary prerequisite for the insulin effect on incor- Since in the majority of experiments no evidence was found to 
poration. suggest that insulin enhances the intracellular accumulation of 
Insulin did not stimulate transformation of pyruvate-3-C™ to carboxylic acids, and it is not to be expected that insulin would 
§ This material, which is extracted by hot water or 1% trichloro- aflect the rate of transter ane the cell of COr - bicarbonate = 
acetic acid, includes the carboxylic acid used as precursor, and it seems that the action of insulin in stimulating incorporation 
possibly other low molecular weight products derived therefrom. of C™ from these materials is on some intracellular process and 


DISCUSSION 
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not on the transfer of labeled material from the medium into 
the tissue. Several explanations for this stimulating effect of 
insulin on incorporation may be considered: (a) Insulin may 
suppress some process by which the specific activity of the radio- 
active precursor or amino acid formed from it is diluted by non- 
radioactive material. An effect of insulin on the dilution of 
precursors is improbable because of their diversity and the unlike- 
lihood, for some of these carboxylic acids, that they are formed 
in muscle. This explanation is excluded experimentally by the 
finding (Table 1) that the extent of the insulin stimulation is in- 
dependent of the concentration of labeled acetate added to the 
medium. Moreover, an effect of insulin on the dilution of labeled 
amino acid, by suppression of protein breakdown, has been looked 
for and not found in diaphragm muscle (3). (6) Insulin may 
stimulate formation of amino acid from precursors. This is 
considered an unlikely explanation of the present findings be- 
cause of the diversity of the reactions required for conversion of 
the various precursors to amino acid, and because the degree of 
insulin stimulation is the same as with added C™-amino acid. (c) 
Insulin may stimulate incorporation into protein of C'-amino 
acid after its formation from precursors. Since the degree of 
the insulin stimulus to incorporation of C™ (though not the 
amount of C™ incorporated) is similar for each source of C%, it is 
most reasonable to assume that insulin acts at a point which is 
common to all the different processes involved in the entry of 
C“ into protein from various metabolites and bicarbonate; 
namely, the incorporation of the amino acids into protein after 
they have been formed from the various precursors. This view 
suggests, therefore, that the stimulation of incorporation of C™ 
from various non-amino acid sources observed here represents 
merely another facet of the action of insulin in stimulating in- 
corporation of amino acids into protein of diaphragm. It also 
suggests that, assuming the site of formation of amino acids from 
the substrates studied to be intracellular, the site of insulin in 
stimulating amino acid incorporation is an intracellular one, in- 
volving perhaps an actual stimulation of the protein synthesizing 
machinery. The view that insulin influences protein synthesis 
by acting on an intracellular process rather than the transfer of 
amino acid across the cell membrane is in accord with the recent 
experiments of Wool and Krahl (14), who find that insulin stimu- 
lates the incorporation into protein of labeled amino acids ac- 
cumulated intracellularly before addition of insulin. It does 
not, however, agree with the conclusion to be drawn from the 
experiments of Kipnis and Noall (7) in which they showed that 
insulin enhanced the accumulation in the intact diaphragm prepa- 
ration in vitro of a nonutilizable amino acid, a-aminoisobutyric 
acid. It remains to be shown whether these results with a- 
aminoisobutyric acid are pertinent to the transport and incor- 
poration of natural amino acids. In recent experiments Man- 
chester and Young,‘ although confirming the results of Kipnis 
and Noall with a-aminoisobutyric acid, have not been able to find 
an effect of insulin to increase the transport of natural amino 
acids into diaphragm. The question of whether or not insulin 
penetrates into cells to bring about intracellular changes cannot 
be answered unequivoeally (15). 

Insulin in vitro has been shown to stimulate incorporation of 
acetate-C™ into fatty acids of liver slices (16, 17) or adipose tis- 
sue (1S). This effect has been obtained only when glucose is 
added to the incubation medium and has been attributed to in- 


*K. L. Manchester, and F. G. Young, unpublished experiments 
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creased formation, from oxidation of glucose, of reduced triphos- 
phopyridine nucleotide for reduction steps in fatty acid synthesis 
(19, 20). The present insulin effect on incorporation into protein 
of C™ from acetate or other carboxylic acids seems to be different 
in that it requires no added glucose, but our results do not provide 
any evidence for an effect of insulin on fatty acid metabolism 
directly. 

Villee et al. (13) have shown that insulin does not stimulate 
the formation in diaphragm of glycogen from pyruvate under 
conditions in which formation of glycogen from glucose is en- 
hanced. Our observation that insulin will stimulate the incor- 
poration of C™ from pyruvate into diaphragm protein while 
simultaneously producing no significant stimulation of incorpora- 
tion of C™ from pyruvate into glycogen is interpreted as further 
evidence in favor of the view previously advocated (4-6) that 
the stimulation by insulin of amino acid incorporation represents 
an action of insulin brought about independently of a stimula- 
tion of carbohydrate utilization. 

That C™ from so many precursors can be incorporated into 
diaphragm suggests that diaphragm muscle is metabolically ver- 
satile. The utilization of butyrate by rat diaphragm has recently 
been shown (21), but we believe this to be the first report of uti- 
lization of isobutyrate by muscle. That C™O, is incorporated 
into diaphragm protein as glutamic and aspartic acid has been 
shown by Manchester and Young (9). We have here indicated 
that the increased incorporation of C™ from C™O, under the in- 
fluence of insulin does indeed represent an increased entry of 
C™ into aspartie and glutamic acids. Which amino acids have 
been formed from other C-labeled sources is discussed by Man- 
chester and Young (9) and by Manchester.® 


SUMMARY 


Insulin in vitro has been found to stimulate incorporation o 
C from C-labeled citrate, ketoglutarate, succinate, isobutyrate 
propionate, pyruvate, acetate, formate, and bicarbonate into the 
protein of isolated rat diaphragm. 

Analysis of protein showed that the amount of C™ from bicar- 
bonate incorporated into aspartyl and glutamy! residues was in- 
creased in the presence of insulin, but that the relative amounts 
of C™ in the different amino acids were unchanged. 

Under conditions in which insulin increased the incorporation 
of C“ from pyruvate into protein, incorporation of C“ from pyru- 
vate into glycogen was unchanged. 

Measurements of soluble radioactive material in diaphragm 
after incubation indicated that an enhanced accumulation of 
radioactive precursors of amino acids in the tissue was not a 
necessary concomitant of the insulin effect on incorporation. 

It is concluded that insulin can promote incorporation into 
protein of amino acids, formed intracellularly, by a mechanism 
distinct from an effect of insulin on transport processes. 
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Previous work has indicated that mitochondria play a signifi- 
cant role in protein synthesis (3). In addition to their demon- 
strated ability to incorporate amino acids into total protein, 
liver mitochondria effect the incorporation of amino acids into a 
discrete protein, cytochrome c, which can be isolated in highly 
purified form (4), and calf heart mitochondria can, in addition, 
effect the net synthesis of this protein (5). 

Because of the biochemical and structural complexity of intact 
mitochondria, it seemed that more rapid progress in the study of 
the mechanisms of cytochrome synthesis might be made by the 
development of a system capable of further fractionation. This 
report describes such a system. The results show that submi- 
tochondrial fractions, prepared from sonically disrupted calf 
heart mitochondria by differential ultracentrifugation, retain the 
ability to effect the energy dependent incorporation of valine- 
1-C" into protein. Furthermore, centrifugation of the dis- 
rupted preparation at 105,000 x g for 8 hours yields a super- 
natant fluid whose incorporating ability is enhanced several fold 
over that of the intact mitochondria. 


EXPERIMENTAL PROCEDURE 


Biological Material—Calf hearts weighing 150 to 200 g were 
obtained from a nearby slaughterhouse immediately after the 
animals were killed! The hearts were cut into small pieces 
which were wrapped in aluminum foil and packed in ice for the 
trip back to the laboratory. 

Chemicals—Creatine phosphate and the amino acids used were 
obtained from the California Corporation for Biochemical Re- 
search. Creatine kinase was prepared from rabbit muscle by 
the short method of Kuby et al. (6). ATP, ADP, and AMP 
were the products of the Sigma Chemical Company. RNase 
was obtained in crystalline form from the Worthington Biochemi- 
cal Corporation, and 100% guanidinated RNase was the generous 
gift of Dr. Werner Klee. a-Ketoglutaric acid was obtained from 


* Aided by grants from the United States Public Health Service 
(A-428-C5), the National Science Foundation, and the Muscular 
Dystrophy Associations of America. Preliminary reports of part 
of this work were presented at the Meeting of the Federation of 
American Societies for Experimental Biology (1) and at the Histo- 
chemical Society Symposium on the Biochemical Cytology of 
Liver (2) both at Atlantic City, New Jersey, April 1959. 

+t Fellow of the National Foundation. Present address, Chem- 
istry and Physics Section, Animal Disease and Parasite Research 
Division, Agricultural Research Service, United States Depart- 
ment of Agriculture, Beltsville, Maryland. 

'We wish to thank Mr. Samuel Diminstein and Mr. William 
Johnson of the New Haven Rendering Company for their kindness 
in providing us with the calf hearts. 


the Nutritional Biochemical Corporation. Hydroxylamine sul- 
fate was a product of the Fisher Scientific Company and was 
converted to the free base before use (7). Chloramphenicol 
was obtained from the Parke, Davis Company and crystalline 
penicillin G and streptomycin sulfate were obtained from E. R. 
Squibb and Sons. pt-Valine-1-C™ was purchased from the New 
England Nuclear Corporation. Ethylenediaminetetraacetate 
was obtained from The Distillation Products Division of the 
Eastman Kodak Company. 

Assays—RNase and guanidinated RNase were assayed? by the 
methods of Kunitz (8) and of Anfinsen et al. (9), respectively. 
The guanidinated RNase was found to be without RNase ac- 
tivity even when tested in amounts as high as 40 times that used 
in the incorporation experiments. 

Preparation of Mitochondria—Liver mitochondria were pre- 
pared as previously described (3). Calf-heart mitochondria 
were prepared in the cold by the method of Slater and Cleland 
(10) with the following modifications: After removal of the great 
vessels and fat, the heart tissue was finely minced with a scissors 
and homogenized in portions of 30 to 50 g in a Waring Blendor 
for 9 seconds in 9 volumes of a solution of 0.30 m sucrose- 0.005 
M Versene, adjusted to pH 7.4. After an initial centrifugation at 
1,000 < g for 7 minutes, the supernatant fluid was strained 
through a double layer of washed gauze. The mitochondria 
were then isolated and were washed three times in the sucrose- 
Versene solution. 

Treatment of Mitochondria in Sonic Oscillator—The washed 
mitochondria obtained from each 14.3 g of heart were taken up 
in 1.0 ml of the sucrose-Versene solution which was 0.01 m in 
MgCl,. The mitochondrial suspension was transferred to short- 
ened cellulose nitrate tubes (International Lusteroid No. 657), 
each tube containing 5 ml, and the tubes were capped with 
Spinco caps (Spinco No. 3078). The tubes were then placed in 
the treatment unit of a 10 ke. Raytheon sonic oscillator, the 
space around the tubes was packed with crushed ice, and the 
preparation was subjected to sonic vibrations at full power (1.15 
amperes on our instrument) for 2.5 minutes. At the end of this 
period, fresh ice was added to the chamber, and the treatment 
was continued for an additional 2.5 minutes. It must be em- 
phasized that the characteristics of different units of this model 
oscillator vary. Inasmuch as the activity of the sonicated prep- 
aration depends on some of these characteristics, it is important 
to determine the optimal conditions of use for each instrument. 

Preparation of High Speed Fractions—After the treatment in 


2 We are indebted to Drs. George Taborsky and Frederic M. 
Richards for performing these assays. 
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the sonic oscillator for 5 minutes, the disrupted mitochondrial 
preparation was centrifuged in the Spinco model L preparative 
ultracentrifuge at various forces from 10,000 to 105,000 x g and 
for various periods of time from 10 minutes to 8 hours. In order 
to avoid stirring up the precipitate, the supernatant fluids were 
carefully withdrawn from the centrifuge tube with the aid of a 
pipette whose tip was J-shaped and whose mouth was fitted with 
a rubber bulb. The fractions obtained were then tested for their 
ability to incorporate valine-1-C™ into the total protein of the 
fraction. 

Treatment of Protein—At the termination of the incubation 
period, trichloroacetic acid was added to the flask to a final 
concentration of 5%, and the precipitated proteins were washed, 
plated, and counted as described previously (3). Analyses for 
protein performed for purposes other than the determination of 
specific activity were done in an analogous manner. 


RESULTS 


Sonic Treatment of Calf Heart Mitochondria—Results from 
other laboratories engaged in the study of oxidative phosphoryla- 
tion (11, 12) have indicated that sonic vibrations could be used 
to disrupt liver mitochondria. The results in Table I show 
that when calf heart mitochondria were sonicated in the presence 
of MgCle, the resultant preparation was able to incorporate 
labeled valine into total protein. The omission of the Mg salt 
during the sonic treatment leads to a virtually complete inhibi- 
tion of the incorporating ability. Whether this protective effect 
of MgCl, is a direct one on amino acid incorporation or whether 
the effect is on an auxiliary process such as oxidative phosphoryla- 
tion as has been shown by Linnane and Ziegler (13) has not yet 
been investigated. 

Studies with Submitochondrial Fractions—In order to further 
define the system responsible for the amino acid incorporating 
activity, the sonically disrupted preparation was fractionated by 
differential ultracentrifugation and the resulting supernatant 


TABLE I 
Protective effect of MgCl. during treatment of calf heart mitochondria 
with sonic vibrations 

The reaction mixture consisted of the following additions: a- 
ketoglutaric acid (5.0 wmoles), ADP (0.60 wmole), AMP (0.60 
umole), KH2PO, (15.0 wmoles), MgCl. (final concentration in all 
samples, 0.01 M), ethylenediaminetetraacetate (final concentra- 
tion in all samples, 0.008 mM), complete mixture of protein L-amino 
acids less valine (0.10 wmole of each amino acid), pL-valine-1-C™ 
(0.43 wmole containing 1.25 X 10° ¢.p.m.), and 0.2 ml of intact or 
disrupted mitochondria (containing 2 mg of protein) in a final 
volume of 1.0 ml at pH 7.4. Incubated 1 hour at 37.5°. When 
MgCl. was present during sonication, its concentration was 0.01 M. 


Experiment System ie 
c.p.m./mg. 
protein 
1 Intact mitochondria | 106 
Sonicated mitochondria | 3 
Sonicated mitochondria—MgCl, present | 60 
during treatment | 
2 Intact mitochondria | 431 
Sonicated mitochondria | 7 
Sonicated mitochondria—MgCl,. present =.217 
during treatment | 
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Valine-1-C™ incorporation into protein of supernatant fluids 
obtained after centrifugation of sonically disrupted calf 
heart mitochondria 

The reaction mixtures for the intact mitochondria and the 
10,000 & g supernatant fluid were as described in Table I except 
that 0.3 ml of the 10,000 K g supernatant fluid (which furnished 
1 to 2 mg of protein) was used. For the 105,000 & g fractions, 
the reaction mixtures were the same as given in Table I, except 
that ATP (7.0 wmoles) was added in place of a-ketoglutarate, 
ADP, AMP, and KH.PO,, and 0.6 ml of supernatant fluid (con- 
taining 0.4 to 0.5 mg of protein) was used. 


Experiment System ie 
C.p.m./meg 
protein 
l Intact mitochondria 128 
Supernatant fluid obtained after: 
10,000 * g, 10 minutes 240 
105,000 & g, 30 minutes 338 
2 | Intact mitochondria S7 
| Supernatant fluid obtained after: 
10,000 * g, 10 minutes 161 


105,000 & g, 2 hours 256 


105,000 & g, 4 hours 276 

3 | Intact mitochondria 111 
| Supernatant fluid obtained after: 

10,000 & g, 10 minutes 225 

| 105,000 & g, 4 hours 2s] 

| 105,000 & g, 8 hours 76 


fluids were tested. It can be seen in Table IL that the ability 
of these fractions to incorporate labeled valine increased with 
both the time and the force at which the disrupted preparation 
was centrifuged. It is of interest that even after 8 hours of 
centrifugation at 105,000 x g, the system responsible for the 
incorporation did not sediment and showed a 5-fold increase in 
specific activity as compared with the intact mitochondria. 
Because of the high activity found in the various supernatant 
fractions, attention was directed toward these rather than toward 
the pellets. 

Before proceeding with a study of the 105,000 x g, S-hour 
supernatant fluid, some properties of the 2- and 4-hour high 
speed fractions were investigated. From the results presented 
in Table III it can be seen that incorporation of valine-1-C™ by 
these high speed fractions shows a strong dependence on ATP, 
or on an ATP-generating system such as creatine phosphate and 
ADP. Furthermore, the omission of an amino acid mixture 
invariably resulted in a 50 to 70% decrease in incorporation. 
It is of interest to note the 74% inhibition by | M salt-free hy- 
droxylamine. The inhibition of amino acid incorporation into 
microsomal protein by this substance has been postulated to 
result from the trapping of amino acid adenylates as hydroxa- 
mates (14). The inhibition by chloramphenicol is also of im 
terest particularly because of its possible effect on RNA metab- 
olism (15). The lability of the system to heating at 90° for 3 
minutes suggests that it is enzymic in nature. 

It is of interest that when the 4-hour, 105,000 * g system was 
incubated in the presence of a-ketoglutarate as the substrate 
under conditions which support oxidative phosphorylation in 
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Tasce Ill 
Factors affecting incorporation of valine-1-C'* into total protein of 
105,000 g supernatant fluids 

The reaction mixture consisted of the following additions: ATP 
7.0 umoles), MgCl, (4.0 pmoles), ethylenediaminetetraacetate (5 
ymoles), complete protein L-amino acid mixture less valine (0.10 
ymole of each amino acid), pL-valine-1-C"* (0.43 umole containing 
1.25 X 10° ¢.p.m.), and 0.6 ml of the supernatant fluid (containing 
0.5 to 0.7 mg of protein, 6.0 umoles of MgCl., and 3.0 wmoles of 
ethylenediaminetetraacetate) in a final volume of 1.0 ml., pH 7.4. 
Incubated 1 hour at 37.5°. When the CP* system was used, ATP 
was replaced by CP (10 gmoles), ADP (4 wmoles), and creatine 
kinase (0.1 mg). The final concentration of NH,OH was I 
and of chloramphenicol (100 yg per ml). 


Supernatant fluid Conditions — 
protein 
105,000 X g, 2 hours Complete system 258 
— ATP 49 
— amino acid mixture | 113 
— ATP, +CP, + ADP 216 
Complete system, heatedt 4 
105,000 X g, 4 hours Complete system 2s! 
— ATP 153 
— amino acid mixture 104 
105,000 X g, 4 hours Complete system 285 
— ATP 
+ NH.OH 74 
+ chloramphenicol 70 


+ RNase (50 ug) 6S 


*CP (creatine phosphate). 
+t The heat treatment was carried out at 90° for 3 minutes. 


intact heart mitochondria (10), the incorporation of valine-1-C™ 
into protein was found to occur (Table LV). This incorporation 
was strongly inhibited by 2,4-dinitrophenol, by anaerobiosis, and 
by the omission of a-ketoglutarate and the acceptor nucleotides. 

Studies with 8-Hour 105,000 X* g Supernatant Fluid—The 
enhanced incorporating ability of the S-hour supernatant fluid 
together with the increased likelihood that this fraction may be 
free from particulate material prompted further study of this 
preparation. The properties of this system, as presented in 
Table V, appeared to be similar to those observed for supernatant 
fluids obtained after centrifugation at 105,000 x g for shorter 
periods of time up to 4 hours (cf. Table I11). In addition to the 
requirements for a source of energy and amino acids, incorpora- 
tion by the 8-hour supernatant fluid was found to be sensitive 
to RNase whereas no inhibition by this enzyme was observed 
when intact liver or heart mitochondria were used. However, as 
a relatively high concentration of RNase (50 wg) was employed 
in this experiment, it was thought desirable to test the effect of 
the enzyme at lower levels. A titration experiment was carried 
out in which the 105,000 x g, 8-hour supernatant fluid was pre- 
incubated for 10 minutes at 37.5° with various concentrations of 
RNase before the addition of the labeled amino acid and subse- 
quent incubation. It was found that a concentration of RNase 
as low as 5 wg per ml was capable of strongly suppressing incor- 
poration of valine into protein (Table VI). In order to ascertain 
further whether the RNase, even at low levels, was acting in an 
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enzymic manner, the effect of 100% guanidinated RNase on 
incorporation was tested. This RNase derivative, an even more 
basic protein than the native enzyme, has been reported to be 
incapable of effecting the breakdown of RNA (16). The results 
of incubation in the presence of this preparation, given in Table 


IV 


Effect of 2,4-dinitrophenol and anaerobiosis on incorporation of 
valine-1-C™ into protein of 4-hour, 105,000 K g supernatant 
fluid 
The reaction mixture was as described in Table I with the ex- 
ception that 0.6 ml of supernatant fluid replaced the 0.2 ml of 
intact or disrupted mitochondrial suspension. 


Experiment Conditions Specific 


activity 
protein 
l Complete system 246 
— a-ketoglutarate, — ADP, — AMP 6-4 
2 Complete system 289 
— a-ketoglutarate, — ADP, — AMP 153 
+ 2,4-dinitrophenol (3.0 X 10°-' m) 105 
_ Nitrogen atmosphere 43 
TABLE V 
Incorporation of valine-1-C'* into protein of 8-hour, 105,000 X g 
supernatant fluid 


The reaction mixture was as deseribed in the legend to Table 


Experiment Conditions Specific activity 

l Complete system 576 

— ATP | 71 

2 Complete 270 

— ATP | st 

| — amino acid mixture 43 

+ RNase (50 ug/ml) | 71 

Zero time experiment | 5 

Tasie VI 


Effect of RNase on incorporation of valine-1-C'* into protein of 
8-hour, 105,000 K g supernatant fluid 

The reaction mixture was as described in the legend to Table 

Ill. All flasks were preincubated for 10 minutes before the addi- 

tion of the valine-1-C'*. 


Experiment | System Specific activity 
C.p.m./mg 

protein 

l Complete system 374 

+ 5 ype RNase | 24 

| + 15 ye RNase 16 

| + we RNase 5 

2 Complete system 
+ 5 ye RNase 110 


+ 5 we guanidinated RNase 356 
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VI, demonstrate that the addition of 5 ug of the inactive gua- 
nidinated enzyme had virtually no effect on the incorporating 
ability, whereas the presence of an equivalent amount of native 
RNase resulted in a 73% inhibition of the incorporation. 

The capacity of the 8-hour supernatant fluid to incorporate 
amino acids into protein was found to be stable throughout long 
incubation periods. It can be seen from Fig. 1 that the in- 
corporation proceeds in a linear fashion for 6 hours. However, 
after 12 hours of incubation the specific radioactivity of the 
protein was only 38% of that of the 6-hour sample. Whether 
this decrease in specific activity represents the cessation of in- 
corporation accompanied by the selective degradation of highly 
labeled protein is not known. 

In an effort to increase the yields of protein in the 8-hour super- 
natant fluid, a study was made of the effect of the time of sonica- 
tion on the protein content and on the incorporating ability of 


this fraction. The results may be seen in Table VII. It is clear 
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Fic. 1. Time curve of incorporation of valine-1-C'* by the pro- 
tein of the 8-hour, 105,000 X g supernatant fluid. The reaction 
mixture was as described in the legend to Table III with the ex- 
ception that the final volume was increased 14-fold with a pro- 
portional increase in all components. In addition, the mixture 
contained 5.8 mg of streptomycin sulfate and 2800 units of peni- 
cillin G. 


TaB_e VII 
Effect of time of sonication on protein content and incorporating 
ability of 8-hour, 105,000 K g supernatant fluid 
The reaction mixture was as described in the legend to Table 


Time of sonication Protein concentration Specific activity 
min pe/ml c.p.m./mg protein 
5 567 198 
10 625 70.9 
15 849 3.8 
20 549 2.2 
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VIII 
Treatment of labeled protein with 1-fluoro-2, 4-dinitrobenzene 
Fraction Total radioactivity 
Total protein (before treatment).............. 1770 
DNP*-amino acids (ether extract)............ 15 
DNP-amino acids (from aqueous phase)... . .. 1700 


* DNP (dinitropheny]l). 


that the protein content increased rapidly during the first five 
minutes and relatively slowly thereafter. Concomitantly, 4 
rapid loss of activity was observed after 5 minutes of sonication; 
after 15 minutes, the system became completely inactive. Fur- 
ther studies are required for an understanding of the decrease 
in protein content at the 20-minute interval. 

Treatment of Labeled Protein with 1-Fluoro-2 , 4-dinitrobenzene— 
When mitochondria or microsomes are incubated in the presence 
of C™-amino acid adenylates, an acylation reaction occurs with 
the formation of a peptide bond between the amino acid and the 
free amino groups of the protein (17, 18). Since the amino 
groups of the bound amino acids remain free, this reaction may 
be detected by treatment of the protein with 1-fluoro-2,4-dini- 
trobenzene, subsequent hydrolysis, and isolation of the dinitro- 
phenyl amino acids. The presence of a substantial proportion 
of the radioactivity in the dinitrophenyl amino acid fraction is 
an indication of the occurrence of the acylation reaction. 

Samples of labeled protein were obtained from previous ex- 
periments in which the 2-, 4-, and 8-hour, 105,000 x g, super- 
natant fluids were used. These samples were pooled and the 
fluorodinitrobenzene experiment was performed essentially ae- 
cording to the method of Sanger (19). The results (Table VIID 
show that of a total radioactivity in the protein of 1770 ¢.p.m., 
after hydrolysis of the dinitrophenyl protein only 15 ¢.p.m. were 
found in the ether (dinitrophenyl amino acid) fraction. In order 
to obtain a radioactivity balance, the free amino acids in the 
aqueous phase were treated with additional fluorodinitrobenzene 
and the dinitropheny! amino acids were extracted into ether and 
counted. As may be seen, the remainder of the radioactivity 
can be accounted for in this fraction. Thus, the type of binding 
described previously does not appear to have occurred. 

Sonic Treatment of Liver Mitochondria—Initial experiments, 
to develop a disrupted mitochondrial system capable of incor- 
porating labeled amino acids into protein, were carried out with 
liver mitochondria. It was found, however, that sonic treat- 
ment of the mitochondria under a variety of conditions, resulted 
in the complete loss of their incorporating ability. 
of further investigation of this phenomenon suggested that an 
inhibitor was released during the sonic treatment and that it 
was capable of suppressing the incorporation of labeled amino 
acids into the protein of intact liver mitochondria. The presence 


The results 


of such an inhibitor could also explain the inactivation of the } 


sonically treated preparation. Preliminary experiments de- 
signed to elucidate the nature of the inhibitor have indicated 
that it is a dialyzable factor which survives ashing, probably an 
inorganic ion. 


DISCUSSION 


The results of the present study indicate that a system com- 
posed of the supernatant fluid derived from sonically disrupted 
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mitochondria by centrifugation for 8 hours at 105,000 x g can 
carry out the incorporation of labeled valine into protein. Per 
unit weight of protein, this system shows a greatly enhanced 
incorporating ability over that of intact mitochondria. The 
failure of the incorporating activity to sediment at high cen- 
trifugal force for prolonged periods of time may be of consider- 
able significance. Should the incorporating system be a “‘sol- 
uble”’ one, it would indicate that it is possible for cellular protein 
synthesis to occur in a nonparticulate system. Second, such a 
soluble system might be amenable to further fractionation and 
purification by conventional biochemical procedures. Attempts 
at such fractionation are in progress. However, the evidence 
that the system is nonparticulate is incomplete. For example, 
we could be dealing with a particle of considerable size which 
does not sediment because its density, perhaps owing to a possibly 
high lipid content, is less than that of the sucrose solution in which 
itis suspended. Likewise, a particle of extremely high frictional 
ratio might take longer than 8 hours for complete sedimentation. 
It is hoped that further studies now in progress will elucidate the 
physical-chemical nature of the incorporating system. 

Although unequivocal evidence exists for the ability of intact 
calf heart mitochondria to synthesize protein (cytochrome c) (5), 
such proof is incomplete for the submitochondrial system re- 
ported on here. Although the requirement for ATP, the negli- 
gible zero-time values, the inhibition by hydroxylamine, and the 
results of the fluorodinitrobenzene experiment all are in accord 
with the idea that valine-1-C™ is being incorporated into protein 
as a result of peptide bond formation, final proof awaits the iso- 
lation from the system of a single labeled protein. Attempts 
are now being made to isolate labeled cytochrome c and to estab- 
lish the nature and position of the labeled amino acid as was 
done in intact mitochondria (5). 

The inhibition by RNase and the requirement for an amino 
acid mixture are in accord with the view that the incorporation 
of labeled valine represents protein synthesis, although the 
evidence must be considered tentative. The reasons for the 
failure of RNase to inhibit amino acid incorporation in intact 
liver mitochondria or cytochrome synthesis in intact calf heart 
mitochondria may possibly be attributed to the inaccessibility 
of the substrate. 

A matter of interest is the indication that oxidative phosphoryl- 
ation may be occurring in a supernatant fluid obtained after 
centrifugation of sonically disrupted mitochondria for 4 hours 
at 105,000 x g. Although the data presented in Table IV give 
only indirect evidence for this process, the results, particularly 
those showing an inhibition of incorporation by dinitrophenol, 
are difficult to interpret in any other way. Studies are now in 
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progress to determine whether the synthesis of ATP is, in fact, 
occurring in this and the 8-hour supernatant fluids, and whether 
this synthesis is linked to terminal electron transport. 


SUMMARY 


The incorporation of valine-1-C™ into protein has been studied 
in a system composed of the supernatant fluid derived from 
sonically disrupted mitochondria by centrifugation for 4 or 8 
hours at 105,000 x g. The incorporation reaction shows a 
requirement for adenosine triphosphate and for an amino acid 
mixture and is inhibited by ribonuclease. Treatment of the 
protein with 1-fluoro-2,4-dinitrobenzene indicates that the la- 
beled amino acid is not bound in such a way that its amino 
group is free. A study of various factors affecting amino acid 
incorporation into the proteins of the 4-hour system suggest 
that this fraction may be able to carry out oxidative phosphoryla- 
tion. 
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A major pathway of histamine metabolism in mammals is 
methylation of the imidazole ring (2-4) to yield 1-methyl-(@- 
aminoethy])-imidazole (methylhistamine). An enzyme, imida- 
zole-N-methyl transferase, which carries out this reaction has 
been shown in this laboratory (1), and independently by Lindahl 
(5), to utilize S-adenosylmethionine as a methyl donor. This 
paper describes the purification of imidazole N-methyl] trans- 
ferase from the soluble supernatant fraction of guinea pig brain, 
as well as its ubiquitous distribution in various tissue and spe- 
cies, and some of its properties. 


METHODS 


Materials—Histamine dihydrochloride was obtained from 
Nutritional Biochemical Corporation, and histamine dihydro- 
chloride-2-C™ from Nuclear-Chicago. These compounds were 
used without further purification. Nonradioactive and methyl- 
C.S-adenosy]lmethionine were synthesized enzymatically from 
ATP and methionine (6). Methylhistamine was prepared by 
the method of Rothschild and Schayer (7) and was shown by 
paper chromatography to be free from histamine and acetyl- 
histamine. 

Assay of Imidazole-N-methyl Transferase—An assay system 
which measures the enzymatic V-methylation of histamine has 
been described in a previous paper (1). In this procedure, 
methylhistamine is almost quantitatively separated from hista- 
mine by extraction into chloroform at an alkaline pH (7). How- 
ever, some histamine breaks down to a chloroform extractable 
product, thus increasing the “blank’’ value. For more precise 
work, methyl-C-S-adenosylmethionine and nonradioactive his- 
tamine have been used, since less than 1% of the radioactive 
cofactor is extracted into chloroform under the conditions of the 
assay system. 

Incubations were carried out in glass-stoppered centrifuge 
tubes at 37°. After the incubation period, one-third volume of 
1.0 n NaOH was added, the solution was saturated with sodium 
sulfate, and methylhistamine extracted with 3 volumes of chloro- 
form. After centrifugation, the aqueous layer was removed by 
aspiration, and an aliquot of the chloroform phase was transferred 
to a glass vial for liquid scintillation counting. The chloroform 
was evaporated to dryness in a stream of warm air, the residue 
dissolved in 0.5 ml of hyamine (8) and counted in a Tri-Carb 
liquid scintillation spectrometer after the addition of 10 ml of 
phosphor. 


* A preliminary report of this work appeared previously (1). 


RESULTS 


Organ and Species Distribution of Enzyme—Table I summarizes 
the widespread distribution of imidazole-N-methy] transferase 
in tissues of several species. All values were obtained for the 
soluble supernatant fraction, except for sciatic nerve and adrenal 
glands, where whole homogenates were used. Values are rela- 
tive to the most active organ, guinea pig brain, taken as 100, 
which formed about 30 mumoles of methylhistamine per 200 mg 
of whole tissue per hour. Treatment of rats or guinea pigs with 
iproniazid, a monoamine oxidase inhibitor, did not alter the 
enzyme activity in any organ. 

Purification of Enzyme from Guinea Pig Brain (Table I])— 
Because of the relatively high activity of imidazole-N-methyl 
transferase in guinea pig brain, this organ was used for purifi- 
cation of the enzyme. All procedures were carried out at 0-4°. 

Step 1. Soluble Supernatant Fraction from Brain—Whole brains 
from 30 adult male guinea pigs were homogenized with 10 vol- 
umes of isotonic sucrose and centrifuged at 50,000 x g for 30 
minutes. Enzyme activity was confined entirely to the soluble 
supernatant fraction. 

Step. 2. Precipitation with Ammonium Sulfate (445 to 70% 
Saturation)—To 2000 ml of the soluble supernatant fraction, 554 
g of (NH,)SO, were added. After centrifugation at 10,000 x ¢ 
for 10 minutes, the precipitate was discarded and 342 g of 
(NH,)2SO, were added to the supernatant solution. This was 
centrifuged in the same manner and the supernatant fraction 
discarded. The resulting precipitate was dissolved in 300 ml of 
10-2 m sodium phosphate buffer, pH 7.4, and dialyzed overnight 
at 4° against 10 liters of 10-* m sodium phosphate, pH 7.4. 

Step 3. Purification with Calcium Phosphate Gel—Calcium 
phosphate gel was added in a ratio of 2.5 mg of gel per mg of 
protein to 270 ml of the solution obtained from Step 2. After 
10 minutes, the suspension was centrifuged at 10,000 x g for 
10 minutes and the precipitate discarded. 

Step 4. Alumina Gel Cy Adsorption—Alumina gel Cy (2 mg 
per mg of protein) was added to the supernatant solution ob- 
tained from Step 3. After centrifugation, the precipitate was 
washed once with cold distilled HO and then eluted with 150 
ml of 0.1 M potassium phosphate, pH 7.4. The eluate was dia- 
lyzed overnight against 10~* m sodium phosphate, pH 7.4, lyophi- 
lized, and dissolved in 60 ml of HO. This preparation, like the 
transferase from mouse liver (1), lost no activity after several 
months at —10°. This procedure accomplishes about a 30-fold 
purification of the enzyme. 
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Properties of Purified Imidazole-N-methyl Transferase—The 
product of the reaction (methylhistamine) is formed by transfer 
of the methyl group of S-adenosylmethionine to histamine (ef. 
(1) Table I. Addition of Mg**, reduced glutathione, or Versene 
was without effect. The pH optimum for imidazole-V-methyl 
transferase was studied with purified preparations obtained from 
mouse liver (1) and guinea pig brain. In a final concentration 
of 0.05 mu phosphate buffer, maximal activity occurred between 
pH 7.2 to 7.4, although there was considerable activity between 
pH 6.5 to 8.0. 

AK. values for histamine and S-adenosylmethionine were 
35 and 3.8 10-' M, respectively, for the purified 
enzyme from guinea pig brain. 

Substrate Specificity—The possibility of methylation of nitro- 
gen in the 3- as well as in the 1-position of the imidazole ring was 
examined. A convenient technique for distinguishing between 
the two ring \-methylated isomers depends upon the marked 
difference in solubilities of their dipicrate salts. Schayer et al. 
(3) have shown that |-methylhistamine forms an insoluble dipic- 
rate that can be separated from the 3-methyl isomer by recrystal- 
lization. The specific activity of the chloroform extractable 
product formed enzymatically remained constant after four re- 
ervstallizations from water as the dipicrate with carrier |-methyl- 
histamine, indicating that the enzyme specifically catalyzes 
methylation of position 1 of the imidazole ring. However, the 
presence of trace amounts of the 3-methyl isomer cannot be ex- 
cluded. 

The methylation of histidine was attempted with use of trace 
amounts of L-histidine-2-C™ (Nuclear-Chicago), excess S-adeno- 
sylmethionine, and the purified brain enzyme. After incubation 
for 3 hours at 37°, carrier 1-methyl-pt-histidine was added and 
crystallized from the reaction mixture as the dipicrate. No 
methylhistidine-C™ was detected after 5 recrystallizations from 
water. 

A variety of imidazoles was examined as possible substrates or 
inhibitors of imidazole-N-methyl transferase. Reaction mix- 
tures containing purified guinea pig brain enzyme, limiting 
amounts of S-adenosylmethionine-C™ (2 10-°m), 1 
histamine, and various imidazole derivatives (1 « 10-* M) were 
incubated for 30 minutes at 37° and the formation of methyl- 
histamine-C™ was measured. The following compounds had 
no effect on this reaction: histidine, methylhistidine, imidazole- 
acetic acid, methylimidazoleacetic acid, imidazole, thiolhistidine, 
ergothioneine, urocanic acid, N-acetylhistidine, and imidazole- 
4,5-dicarboxylic acid. If methylated, none of these compounds 
except unsubstituted imidazole would interfere with the assay of 
methylhistamine. The product, methylhistamine, inhibited the 
reaction 40% at 1 x 10°‘. This inhibition was largely, but 
not completely, reversed by excess substrate, indicating the 
competitive nature of this reaction. 

Effect of Common Inhibitors and Drugs on Enzyme Activity— 
The following compounds did not affect the methylation of 
histamine at 10°-° m concentration: sodium cyanide, sodium 
arsenite, iodoacetamide, sodium bisulfite, or sodium azide. 
However, p-chloromercuribenzoate inhibited the reaction 91% 
at 10-° 

The effect of the antihistaminic agents pyribenzamine and 
hydrocortisone were examined. Adult male rats and guinea 
pigs were treated with either 2 mg of hydrocortisone acetate or 
5 mg of pyribenzamine intraperitoneally twice a day for 4 days. 
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Species and tissue distribution of imidazole-N-methyl transferase 


Results are expressed as percentage of activity relative to 
guinea pig brain. Figures represent average values from 2 to 4 
determinations on separate animals except for the cat, where a 
single assay was done. 

Tissues were obtained from adult male animals (the cat was an 
adult female). They were homogenized with 4 volumes of ice 
cold 0.25 m sucrose (skin was ground with sea sand in a mortar) 
and centrifuged at 78,000 « g for 1 hour. Reaction mixtures 
containing 200 wmoles of sodium phosphate buffer, pH 7.4, 0.5 
amole of S-adenosylmethionine, 65 mumoles of histamide dihy- 
drochloride (16,000 ¢.p.m.), and 1 ml of soluble supernatant frac- 
tion in a final volume of 3.0 ml were incubated at 37° for 1 hour and 
assayed for methylhistamine-C". 


Rat |Guinea pig Cat | Rabbit Mouse 

Liver 56 «62 47 
Kidney | 46 | 63 tr.* | 5 73 

Lung | 0 | | 644 69 
Heart ai 32 36 
Stomach 60 | 44 
Thigh muscle 25 25 
Adrenal gland | 27 
Spleen 0 et 
Pancreas | 
Trachea | 66 OC | 
Whole brain | 2 | 100 | | 62 
Brain stem | | 39 | 62 
Midbrain | 42 | 
Cerebellum | 32 | oo | 
Sciatic nerve 31 | | 49 CO 


* Trace (tr) = less than 54. 


Tasce Il 
Purification of imidazole-N-methyl transferase 
from guinea pig brain 
Reaction mixtures contained 540 mumoles of histamine-C" di- 
hydrochloride (16,000 ¢.p.m.), 100 mymoles of S-adenosylmethi- 
onine, 100 wmoles of sodium phosphate buffer, pH 7.4, and 0.5 ml 
of enzyme in a final volume of 2 ml. 


Step | Purification stage Protein Protein*® | — 
me  wnits/mg | 

1 | Soluble supernatant frac- 13,400 0.7 9520 
tion | 

2 45-70% (NH,4).80, 1,755 4.4 7730 

3  CaPO, gel, negative adsorp- 18S 7.7 | 1450 
tion | 

4 Alumina gel Cy adsorption | 36 | 25.4 | 920 


* 1 unit = 10 mgmoles of methylhistamine formed per hour. 


The soluble supernatant fractions of rat kidney and guinea pig 
brain, stomach, skin, and lung were assayed for their ability to 
form S-adenosylmethionine as well as methylhistamine. En- 
zymatic synthesis of S-adenosylmethionine was assayed by 
measuring the formation of methylhistamine after the addition 
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Taste III 
Inhibition of purified guinea pig brain imidazole-N-methyl 
transferase by chlorpromazine, bromo-lysergic acid 
diethylamide and serotonin 

Reaction mixtures containing 54 mymoles of histamine dihydro- 
chloride (2.7 K 10-* m), inhibitor, 15 mumoles of methyl-C**-S- 
adenosylmethionine (3500 c.p.m.), 130 wmoles of sodium phos- 
phate buffer, pH 7.4, and 0.5 ml of purified enzyme (0.12 mg of 
protein) in a final volume of 2.0 ml, were incubated at 37°. After 
30 minutes of incubation the reaction mixture was assayed for 
methylhistamine-C". 


Inhibitor concentration*® 
Compound 
| SK10*m | 5K 107M 
82 60 33 
Bromo-lysergic acid diethyl- 
75 33 7 


* Results are expressed as percentage inhibition. 


of excess ATP, MgClo, reduced glutathione, and histamine-C™.! 
The treated animals were not altered either in their ability to 
methylate histamine or to synthesize the cofactor. Furthermore, 
addition of 10-* m hydrocortisone acetate directly to the reaction 
mixture had no effect. 

The following compounds did not alter the N-methylation 
in vitro of histamine at a concentration of 10-* m: lysergic acid 
diethylamide, 48/80,? mescaline, y-aminobutyric acid, morphine, 
meprobamate, cocaine, atropine, sodium hexobarbital, strych- 
nine, epinephrine, norepinephrine, tryptophan, and 5-hydroxy- 
tryptophan. Tubocurare and bufotenine inhibited the reaction 
about 50% at 10-4 m. When the concentration of these com- 
pounds was reduced to 3 & 10-° m there was no effect. 

Table III summarizes the striking inhibition of the purified 
imidazole transferase by chlorpromazine, 2-bromo-lysergic acid 
diethylamide, and serotonin. When a cruder enzyme prepara- 
tion (purified through Step 2) was used, the inhibition was less 
marked. At 10-‘ Mm, chlorpromazine and serotonin inhibited the 
reaction 50%; bromo-lysergic acid diethylamide had no effect. 
Furthermore, the addition of excess S-adenosylmethionine or 
histamine did not reverse the inhibition significantly. 


DISCUSSION 


The studies of Schayer and Cooper (2, 9) have demonstrated 
that ring N-methylation is the principal pathway of histamine 
metabolism in man and several other species in vivo. Since the 
product of this reaction, methylhistamine, has negligible hista- 
mine-like action (10), imidazole-N-methy] transferase plays a key 
role in the inactivation of histamine. 

Tissues on which histamine exerts its effects, ¢.e. skin, lung, 
ileum, and stomach, are relatively high in N-methy] transferase 
activity, indicating that this enzyme can inactivate the liberated 
amine locally. There appears to be no obvious association be- 
tween histamine levels in tissues and enzyme activity. Par- 


1 All of these tissues were capable of methylating histamine 
with ATP and methionine, indicating that they possess the me- 
thionine-activating enzyme. The rate of formation of methyl- 
histamine ranged from 10 to 60% of the values obtained when 
preformed S-adenosylmethionine was used. 

? This histamine-releasing agent is a mixture of low polymers 
of p-methoxy-N-methylphenylethylamine (Burroughs Wellcome 
and Company). 
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ticularly noteworthy is the high N-methy] transferase activity in 
brain. Although histamine has been reported to be present in 
brain (11), no action on the central nervous system has been 
found to date. 

Imidazole-N-methyl transferase activity is highest in the 
guinea pig, which is most sensitive to histamine, and is lowest in 
the relatively insensitive rat. These findings rule out the pos- 
sibility that histamine sensitivity is correlated with the inability 
of certain species or tissues to detoxify it by N-methylation. 
On the contrary, it suggests that the enzyme represents a defense 
against histamine for highly sensitive animals, and may be of 
some survival value to them. 

Thus far, histamine is the only substrate found to be methyl- 
ated by this enzyme. It is of interest to note that in the case of 
histidine, both the 1- and 3-N-methyl isomers are formed in 
vivo (12, 13). Whether two separate enzymes catalyze these 
methylations is not known. The methylation of histidine has 
been shown to utilize the methyl group of methionine (14), 
presumably via the active form S-adenosylmethionine. 

Little can be said at this time about the inhibition of histamine 
methylation by chlorpromazine, serotonin and bromo-lysergic 
acid diethylamide. Studies are required to determine whether 
these compounds have any effect on histamine metabolism in the 
intact animal. 

SUMMARY 

An enzyme, imidazole-N-methy] transferase, which catalyzes 
the transfer of the methyl group of S-adenosylmethionine to the 
nitrogen in the 1-position of the imidazole ring, has been purified 
30-fold from guinea pig brain. No other imidazoles studied thus 
far serve as substrates for this reaction. The enzyme is widely 
distributed in most tissues of a number of species. 


Properties of the enzyme have been examined, including pH 


optimum, K,, values, stability, and inhibitors. Chlorpromazine, 


serotonin, and 2-bromo-lysergic acid diethylamide inhibit hista- — 


mine methylation by the purified enzyme. 
The physiological role of this enzyme in histamine metabolism 
has been discussed. 


Ackn asa ha. 


A The authors are grateful to Dr. Marie- 
Jeanne LaRoche for her assistance in several of the experiments 
described in this paper. 

REFERENCES 
1. Brown, D. D., AxeLrop, J., anp Tomenick, R., Nature, 183, 


680 (1959). 
. Scuarer, R.W., Brit. J. Pharmacol., 11, 472 (1956). 


. Scuaver, R. W., anv Karsata, S. A., J. Biol. Chem., 221, 307 


2 
3 
(1956). 

4. Kopayasuti, Y., Arch. Biochem. Biophys., T7, 275 (1958). 

5. Linpauw, K. M., Acta Chem. Scand., 12, 2050 (1958). 

6. Canront, G. L., in 8. P. Cotowick anp N. O. Kapian (Edi- 
tors), Methods in enzymology, Vol. III, Academic Press, Inc., 
New York, 1957, p. 600. 

7. Roruscuttp, Z., anp Scuayrer, R. W., Biochim. et Biophys. 
Acta 30, 23 (1958). 


8. PassmMann, J. M., Rapin, N. S., anp Cooper, J. A. D., Anal. 


Chem., 28, 484 (1956). 
9. Scuayer, R. W., anp Coorer, J. A. D., J. Appl. Physiol., % 
481 (1956). 


10. Lee, H. M., ann Jones, R. G., J. Pharmacol. Exptl. Therap., ~ 


95, 71 (1949). 


11. Ciovet, D. H., Garronpe, M. K., Ricuter, D., J. Neuro- 


chem., 1, 228 (1957). 

12. Tavuan, H. H., Federation Proc., 12, 278 (1953). 

13. Tatian, H. H., Stern, W. H., anp Moore, 8., J. Biol. Chem., 
206, 825 (1954). 

14. McManus, I. R., J. Biol. Chem., 225, 325 (1957). 


6 
£ 

3 

H 

30) 

tr 

fre 

me 

Va 


TS @ 


— 
~ 


Tue or Brovogica, Cuemistry 
Vol. 234, No. 11, November 1959 
Printed in U.S.A. 


Biochemical Alterations in Herniated Intervertebral Disks* 


A. DAvIDSON AND BARNES WOoOODHALL 


From the Departments of Biochemistry and Neurosurgery and Center for the Study of Aging, Duke 
University Medical Center, Durham, North Carolina 


(Received for publication, July 6, 1959) 


The phenomenon of intervertebral disk herniation which in- 
volves concomitant rupture of the annulus fibrosus and protru- 
sion of the nucleus pulposus is extremely widespread and is con- 
sidered a common cause of sciatic pain and neurological deficit. 
Several etiologies have been suggested for this syndrome, ranging 
from frank trauma to congenital connective tissue defects (1-3). 

Studies on autopsy specimens of degenerated nuclei pulposi 
have revealed changes in water content, sulfur content, and histo- 
chemical staining characteristics of the tissue (4). Evidence has 
also been presented indicating gross changes in the mucopoly- 
saccharide composition of the degenerated samples when com- 
pared with normal controls (5). 

The present report describes analytical studies on herniated 
and normal human intervertebral disks with emphasis on the 
changes in mucopolysaccharide pattern and composition. A 
preliminary communication has been presented (6). 


EXPERIMENTAL 


Samples of herniated human nucleus pulposus were obtained 
at surgery and stored frozen until used; normal human nucleus 
pulposus was obtained at autopsy and stored in the same fash- 
ion; generally, sufficient material was pooled from each group 
to give 15 to 20 g wet weight of tissue. No effort was made to 
differentiate the disk samples with regard to age or sex.'. Hexos- 
amine was determined by the method of Elson and Morgan (7) 
as modified by Boas (8). When differential hexosamine anal- 
yses were required, the method of Gardell (9) was employed. 
The identity of the isolated hexosamines was confirmed by nin- 
hydrin degradation according to the procedure of Stoffyn and 
Jeanloz (10). Uronic acid was determined by both carbazole 
and orcinol procedures with glucuronolactone as standard (11, 
12). Galactose was estimated by a modified anthrone method 
with galactose as standard (13). The identity of the hexose 
component was indicated by paper chromatography in three sol- 
vent systems (isopropanol-water 9:1; butanol-pyridine-water, 
6:4:3; butanol-glacial acetic acid-water, 4:1:5) after hydrolysis 
for 4 hours at 100° with 1 N sulfuric acid and neutralization with 
saturated barium hydroxide (14-16). Sulfate was determined 


* This work was supported by a grant No. RG-H-MH-A-B- 
5385 from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 

' The indicated weights of tissue required the pooling of 20 to 
30 herniated samples and 6 to 12 normal samples. The age dis- 
tribution of both sets of samples is comparable; in general, the 
normal samples were older. The analytical data reported are 


from one of five typical groups. In no case did any of the 
measured parameters from herniated disks approach normal 
values, 


by the method described by Slack (17) employing 4-chloro-4’- 
amino diphenyl as precipitating agent. It was found necessary 
to prepare all reagents for this method in glass-distilled water in 
order to reduce blanks to a satisfactory level. Sensitivity of 
isolated fractions to hyaluronidase action was determined by a 
turbidimetric method employing a preparation of porcine testicu- 
lar hyaluronidase assaying 11,000 turbidity reducing units per 
mg of protein (18). Water content of pooled tissue samples 
was determined by drying an aliquot of the tissue to constant 
weight in a vacuum oven at 100°. Proline was determined by 
the method of Troll and Lindsley (19) and hydroxyproline by 
the method of Neuman and Logan (20). 

Pooled tissue samples were minced by hand and treated with 
2.5 ml of 0.15 N KCI per gram wet weight. The resulting sus- 
pension was shaken for 2 hours on a mechanical shaker and the 
insoluble material separated by centrifugation. The extraction 
was repeated and the pooled supernatant solutions were treated 
with 0.05 volume of 10% cetyltrimethylammonium bromide 
and 2 volumes of 95% ethanol in order to precipitate a crude 
polysaccharide fraction. The material insoluble in KCI solution 
was subsequently extracted with 0.2 N potassium carbonate and 
finally, overnight in the cold room with 0.2 Nn KOH. The respec- 
tive supernatant solutions remaining from the latter two extrac- 
tions were adjusted to pH 5.0 with 6 N acetic acid and precipi- 
tated with CTB? as described above. Material insoluble in 
KOH was washed exhaustively with water to remove KOH and 
dried in a vacuum oven before analysis. 

The material precipitated by CTB was harvested by centrifu- 
gation, washed with 80% ethanol, and dissolved in 2 M potassium 
acetate. The polysaccharides were reprecipitated with 2 vol- 
umes of 95% ethanol and this procedure repeated. The crude 
fraction resulting after the second ethanol precipitation was dis- 
solved in 0.1 mM acetate buffer, pH 5.5, and passed through a small 
column of Darco-G-60-Celite, (1:1, 1.0 ml settled volume per 
gram wet weight of the starting tissue) and the polysaccharides 
washed through with two column volumes of water (21). The 
polysaccharides were further fractionated with ethanol in the 
presence of calcium ion as described by Meyer et al. (22). Highly 
purified keratosulfate (polygalactosido-N-acetyl glucosamine 
containing 1 sulfate per disaccharide unit) could be obtained 
from the Darco-Celite eluates by exhaustive digestion with 
testicular hyaluronidase (120 hours), removal of the breakdown 
products of chondroitin sulfate by continuous dialysis and re- 
fractionation of the dialysis residue with ethanol and calcium 
ion. 

2 The abbreviation used is: CTB, cetyltrimethylammonium 
bromide. 
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TABLE I 
Results of potassium chloride extraction 
Tissue Wet weight | Dry weight | CTB ppt. | CSC* | KSt 
| £ | omg 
Normal 16.27 3.10 (19%) 1.44 280 304 
Herniated | 19.47 «5.65 (29% 0.09 | 22 | 58 


* Chondroitin sulfate C. 

Tt Figures are based on material isolated after purification; 
analytical values for normal disk specimens indicate 402 mg of 
chondroitin sulfate C present initially and 467 mg of keratosulfate 
(KS) present initially. 


Fic. 1. Sedimentation patterns of normal (upper) and herniated 
(lower) chondroitin sulfate C. Concentration is 6 mg per ml 


based on hexosamine content. Pictures were taken at 16-minute 
intervals after reaching a speed of 59,780 r.p.m.; bar angle 70°. 
The herniated sample apparently contains material which does 
not sediment under the conditions employed. This nonsediment- 
ing material probably represents highly degraded polysaccharide 
fractions whose presence would not be indicated by analytical 
data. 


RESULTS 


The results of potassium chloride extraction are presented in 
Table I. The reduction of polysaccharide material extractable 
by potassium chloride from herniated samples is very pro- 
nounced. In addition to changes in total polysaccharide con- 
tent, there appears to be a more significant alteration in the 
chondroitin sulfate moiety. Ultracentrifuge patterns of nor- 
mal and herniated chondroitin sulfate C (poly-p-glucuronido- 
N-acetyl galactosamine-6-sulfate) are shown in Fig. 1.4. Whether 
this difference is indicative of greater polydispersity as a result of 
degenerative changes or represents structural modifications of an 
unknown type cannot be decided at present. 

The results of potassium carbonate extraction are presented in 
Table Il. As may be seen, very little material of polysaccharide 
nature is extractable under these conditions. Table IIT presents 
the results of KOH extraction. As indicated by the hydroxy- 
proline analyses, the amount of fibrous or mature collagen solu- 
bilized under these conditions is negligible. However, the pro- 
line content may be indicative of the relative amounts of soluble, 
collagen precursors present in the two tissues. The relatively 
greater diminution of the chondroitin sulfate fraction is again 


3 We are indebted to Dr. George Schwert for his assistance with 
the use of the ultracentrifuge. 
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evident. Ultracentrifuge patterns of keratosulfate from herni- 
ated and normal individuals are presented in Fig. 2. 

A small fraction, 37 mg, identified as chondroitin sulfate 
B galactosamine-4-sulfate), was 
isolated from herniated samples. The identification of this 
fraction as chondroitin sulfate B was based on analytical data, 
optical rotation, resistance to testicular hyaluronidase, and infra- 
red spectra (23). It is not known if the appearance of this frac- 
tion is functionally related to the increased collagen content. 
Attempts to demonstrate a similar fraction in normal samples 
were not successful although amounts of this order of magnitude 
might have been lost during the fractionation procedures. The 
results of analyses on material insoluble in KOH, presented in 


Tas.e Il 
Results of potassium carbonate extraction 


Tissue CTB ppt. csc KS 
| me me 
Normal | 0.169 35 | 27 
Herniated 0.294 14* 17* 


* Both of these figures are based on analytical values for galac- 
tosamine and glucosamine, respectively, on partially purified 
fractions and do not represent isolated material. The hexos- 
amine recovered was 92°, of that present in the CTB precipitate. 
CSC, chondroitin sulfate C; KS, keratosulfate. 


III 
Results of potassium hydroxide extraction 
| 
Tissue CTB ppt. csc KS Proline 
me | me | | % 
Normal 0.276 a 0.56 4.3 
Herniated 1.13 21* 135 0.52 4.9 


| 


* In addition to chondroitin sulfate C (CSC), 37 mg of chon- 
droitin sulfate B were isolated from herniated disk extract. 
Analytical data are given in Table V. 


Fic. 2. Sedimentation patterns of normal (upper) and herniated 
(lower) keratosulfate. Concentration is 10 mg per ml based on 
hexosamine content. Pictures were taken at 16-minute intervals 
after reaching a speed of 59,780 r.p.m.; bar angle 70°. It is not 
known whether the differences in the patterns are significant; the 
herniated sample, in contrast to the comparable pattern for chon- 
droitin sulfate, does not show any evidence of degradation. 
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Tasie lV 


Results of analyses on KOH insoluble fractions 


Weight of 


Tissue of N* et Proline Hexosamine 
Normal (29%) IS.4 15.2 12.8 <2 
Herniated 3.41 (60°) IS.7 15.6 12.4 <2 


* Micro-Kjeldahl. 
+ Based on these data, the ‘‘collagen’’ content of the KOH in- 
soluble residue is close to 100°,. 


TaBLe V 


Analytical data on isolated polysaccharides 


| Uronic acid | 
Orcinol | — 
| 
% | % | % | | 
Normal CSC 32.8 41 41 | 4.2) 16.3) + | —20° 
(KCl extract) | 
Herniated CSC 32.6 388) 339.5) 18.0. —22° 
(KCl extract) | | 
Normal KS (KCI) 35.1 1.9 | 42 6.4, +4° 
extract) | | | 
Herniated KS 333.6) 1.5) 1.7) 48 - +5° 
(KOH extract) | | | | 
Herniated CSB | 35.7 | 15.4; 14.7| — 55° 


* CSC, chondroitin sulfate C; KS, keratosulfate; CSB, chon- 
droitin sulfate B. 

t Susceptibility to testicular hyaluronidase; less than 20°) 
turbidity reduction indicated as — ; complete turbidity reduction 
indicated as +. 


Table LV, indicate this fraction to be largely insoluble collagen; 
there is a marked increase in the herniated samples. The ana- 
lytical data for the isolated polysaccharide samples are presented 
in Table V. 


DISCUSSION 


Electron microscope studies of normal nuclei pulposi have in- 
dicated that the intercellular matrix may be considered as a 
three-dimensional lattice-gel system which contains a network of 
poorly differentiated and nonoriented collagen fibers. Gross 
changes which occur as a result of aging are reported to include 
increased crystallinity of the collagen fibers, and decreased matrix 
and water content (24, 25). These changes are grossly similar 
to, but not as striking as, those seen as a result of herniation; 
the latter may be a result of a degenerative process similar to that 
seen in aging—but markedly exaggerated and accelerated. A 
breed specific, canine disease, endochondrosis intervertebralis, 
shows a clear morphological correspondence to disk degeneration 
in man. Autopsy studies on affected dogs demonstrated that 
disk degeneration occurred much more frequently than rupture 
would indicate; similar findings have been reported for human 
disks (26, 27). 

Several investigators have studied the polysaccharide patterns 
of connective tissue as a function of age and reported characteris- 
tic changes. Hallen (28) determined the differential hexosamine 
content of normal human nucleus pulposus at various ages and 
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concluded that there was a change in the ratio of keratosulfate 
to chondroitin sulfate with increasing age, from 0.5 at term to 
1.5 at age 90. The hexosamine to sulfate ratio remained essen- 
tially the same throughout the age span studied. We have 
found substantially identical results in rabbits. Qualitatively 
similar changes have been reported to take place in cartilage 
wherein the ratio of glucosamine to galactosamine varies directly 
with age (29, 30) and the uronic acid content is insufficient to 
account for ester sulfate or hexosamine content (31). The over-: 
all pattern of these findings is of the same type as the changes 
seen in herniated disks; decreases in chondroitin sulfate content 
without a comparable decrease in keratosulfate, increase in in- 
soluble collagen which has no gross orientation, general reduction 
in polysaccharide content, and reduction in water content. The 
etiology of these changes is not known although the data are 
consistent with the interpretation that a lesion of connective 
tissue metabolism is responsible. 


SUMMARY 


Analyses on herniated human intervertebral disks have demon- 
strated changes in both the polysaccharide and protein compo- 
nents. 

The total polysaccharide content is reduced from 30% of the 
dry weight in normal samples to 5% of the dry weight in herni- 
ated samples. The chondroitin sulfate moiety of the polysaec- 
charide fraction is reduced to a larger extent than is the kerato- 
sulfate. 

Ultracentrifuge patterns of herniated chondroitin sulfate indi- 
cate increased polydispersity or other degradative changes; the 
keratosulfate fraction appears similar to the normal. The dry 
weight of the herniated samples is significantly increased. A 
small, but reproducibly detectable amount of chondroitin sulfate 
B could be isolated from herniated disks. The collagen content 
of the herniated samples rises to 60% of the dry weight from a 
normal value of 30%. 

These changes are qualitatively similar to those seen as a re- 
sult of aging. 


Acknowledgments—W e are indebted to Dr. Jim Jackson for aid 
in obtaining autopsy and surgical material and to Mr. John 
Kang for analytical assistance. 
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Despite the recognition of the importance of diaminopimelic 
acid, because of its unique distribution in nature (1), its role as 
a precursor of lysine in bacteria (2, 3), and its function as a bac- 
terial cell wall constituent (4), little information exists concern- 
ing the biosynthesis of this interesting compound. It has been 
established that the early precursors of the carbon skeleton are 
aspartic and pyruvic acids (5, 6), but no other compounds have 
been recognized as intermediates. 

Bacterial mutants have been a fruitful source of information 
on biosynthetic pathways, particularly because these organisms 
frequently accumulate the intermediates before the metabolic 
block. This paper is concerned with a diaminopimelic acid 
auxotroph and the isolation from the medium in which it has 
grown of a new compound, N-succinyl-L-diaminopimelic acid. 
A preliminary report of this finding has appeared (7). 


EXPERIMENTAL AND RESULTS 


Mutant D-1 was obtained from the Waksman strain of Esch- 
erichia coli, ATCC 9637, by ultraviolet irradiation and selection 
with use of the penicillin technique (8)." It differs from the 
wild type strain in its requirement for diaminopimelic acid for 
growth. This requirement can be largely, but not entirely, 
spared by L-lysine. This is consistent with the fact that di- 
aminopimelic acid is the source of lysine for bacteria and that 
E. coli contains approximately 10 times as much lysine as it does 
of diaminopimelic acid (5). 

The first indication that D-1 was accumulating a compound of 
interest stemmed from the observation that supernatant solu- 
tions from acidified D-1 growth media gradually acquired growth 
factor activity for another diaminopimelic acid auxotroph, 173-25 
(2), and indeed even for D-1 itself. It was then found that the 
growth media contained material which was chromogenic in a 
colorimetric assay devised for diaminopimelic acid (6), although 
it was observed that the rate of color development with fresh 
growth media was slower than with diaminopimelic acid. It 
should be pointed out that though mutants D-1 and 173-25 have 
similar nutritional requirements, they are easily distinguished 
since 173-25 does not excrete material chromogenic in the di- 


* Aided by a research grant from the National Institute of 
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'‘ Mutant D-1 was isolated by Dr. Richard Novick. The condi- 
tions of the isolation were somewhat different than those ordinar- 
ilyemployed. Xylose was used as a carbon source, except during 
the incubation with penicillin, when glucose was 


aminopimelic acid assay, nor does it acidified medium acquire 
growth factor activity for diaminopimelic acid auxotrophs. 

With use of the response to the colorimetric test as the assay, 
it was possible to isolate the chromogenic compound in pure 
form from unhydrolyzed supernatant solutions from D-1 growth 
media. The chromogenic compound also proved to be respon- 
sible for the growth factor activity which could be unmasked by 
acid hydrolysis. 

Isolation Procedure—Fourteen 1-liter flasks, each containing 
550 ml of a simple salts mixture (medium A-C) (9) with 0.5% 
glucose, 30 ug per ml of L-lysine-HCl, and 2 ug per ml of meso- 
diaminopimelic acid, were innoculated with 0.1 ml of a culture 
of D-1 grown on enriched medium (9) supplemented with di- 
aminopimelic acid. The flasks were incubated at 37° on a rotary 
shaker for 3 days.*_ The cells were then removed by centrifuga- 
tion and the supernatant solution was concentrated to a volume 
of 707 ml under reduced pressure. In order to demineralize the 
concentrate, 1340 ml (1.9 volumes) of absolute alcohol were 
added dropwise, with stirring, over a period of 4 hours at room 
temperature. The stirring was continued an additional half- 
hour, after which the precipitated salts were removed by centrif- 
ugation. 

The supernatant was concentrated under reduced pressure to 
a volume of 466 ml, to remove the alcohol, and then water insolu- 
ble barium salts were precipitated by the dropwise addition of 
46.6 ml (0.1 volume) of 2.2 m barium acetate. After filtration, 
1,238 ml (2.5 volumes) of absolute alcohol were added over a 
period of 2 hours with constant stirring. The mixture was al- 
lowed to stand at room temperature overnight before removal of 
the alecohol-insoluble barium salts. <A yield of 10 g of a brown 
powder was obtained. 

The barium salts were dissolved in 100 ml of water and placed 
on a Dowex 50 column (60 * 4cem) inthe H+ form. The solutes 
were eluted with 0.2 mM ammonium formate at a rate of 0.5 ml 
per minute. Fractions from the column were assayed colori- 
metrically, and those containing chromogenic material (370 to 
610 ml) were pooled and concentrated to dryness under reduced 
pressure. The product was dissolved in 20 ml of water, adjusted 
to pH 8.5 with concentrated ammonia, and placed on a column 
of Dowex 1 (46 & 4.4 em) in the chloride form. Gradient elution 
was employed with 1 liter of water in the mixing chamber and 1.5 


2? In common with other diaminopimelic acid mutants, D-1 lyses 
when grown in the absence of diaminopimelic acid (10,11). Under 
the usual accumulation conditions, diaminopimelie acid disap- 
pears early in the incubation and the D-1 cells do lyse. However 
during the growth of D-1, mutation assures the appearance of a 
substrain D-l(a@). D-1l(q@) is only partially blocked at the deacyl- 
ase and can synthesize sufficient diaminopimelic acid for growth. 
The accumulation is actually carried out by D-l(@). 
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TaABLe I 
Isolation of acid 
| | Total bound 
Fraction | Volume Weight | diaminopimelic 
| acid® 
ml £ | 

7280 2.88 
Barium salt... 10.0 2.00 
2.9 1.47 
2.5 1.47 


* Determined by colorimetric assay (6) and corrected for lower 
color yield of N-succinyl-L-diaminopimelic acid. See Fig. 1. 


liters of 1 m LiCl added at a flow rate of 0.8 ml per minute. The 
chromogenic fractions (580 to 1010 ml) were concentrated under 
reduced pressure to a volume of 15 ml and added dropwise, with 
stirring, to a solution of 300 ml of alcohol-acetone (1:2). The 
precipitated lithium salt was filtered off, dissolved in 10 ml of 
H.O, and reprecipitated with 200 ml of the alcohol-acetone mix- 
ture. At this stage, the product was a white amorphous powder, 
which gave only one ninhydrin-positive spot in several chromato- 
graphic systems. The lithium salt is 81% pure. However, the 
impurities consist of coprecipitated LiCl and organic solvent, for 
if the compound is placed on a Dowex 50 column, and then eluted 
with 3 M ammonia and taken to dryness under reduced pressure, 
an analytically pure crystalline diammonium salt is quantita- 
tively recovered from the lithium salt. Data on the purification 
procedure are shown in Table |. The mutant D-1 accumulates 
almost a gram of the compound per liter and this can be isolated 
from the medium in about 50% yield. 

Elucidation of Structure—The acquisition of nutritional activity 
for diaminopimelic acid auxotrophs after acid hydrolysis sug- 
gested a structure capable of being hydrolyzed to give simpler 
products, and so attention was first centered on the nature of 
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these products consist of an acid and a ninhydrin-positive com. 
pound. The ninhydrin-positive material had an Ry, identical 
with that of L-diaminopimelic acid in the solvent system of 
Rhuland (12). The acid could not be distilled with steam, was 
ether extractable, and had an Rp identical with succinic acid in 
5% acetic acid, water-saturated butanol. 

In order to confirm this tentative identification of the two 
moieties, 58.7 mg of the diammonium salt were dissolved in 3 ml 
of 4 n HC! and heated at 100° for 17 hours. The hydrolysate 
was extracted continuously with ether for 3.5 hours. E-vapora- 
tion of the ether yielded 20.8 mg (theory, 21.4 mg) of a white, 
crystalline solid, m.p., 188-189°, undepressed on admixture with 
authentic succinic acid. 

The aqueous phase was taken to dryness, the residue was dis- 
solved in 0.80 ml of 1 N HCl, and 80 mg of 8-naphthalene sulfonie 
acid were added. The solution was heated to 100° and slowly 
cooled to 0°. The resulting crystals of the ternary salt were fil- 
tered and washed with cold 1 Nn HCI; yield, 80.7 mg (theory, 110 
mg); decomposition point, 291-295°. The ternary salt of L-di- 
aminopimelic acid and 8-naphthalene sulfonic acid decomposes 
at 295° and the salt with meso-diaminopimelic acid decomposes 
at 255°. 

There remained only the problem of the mode of linkage of the 
succinic acid and the L-diaminopimelic acid. The compound 
gives a positive acyl amine test (13) and, the hydroxamic acid 
formed during the test has the same Ry as succinhydroxamic acid 
in 5% acetic acid, water-saturated butanol. This indicates the 
compound is \-succiny]-LL-a-e-diaminopimelic acid. Such a 
formulation is consistent with the elementary analysis of the am- 
monium salt. 


Found: C 40.84, H 7.27, N 16.67 
Theory: C 40.73, H 7.46, N 17.28 


As a further confirmation of the postulated structure, N-suc- 


these. It was possible to show by paper chromatography that — cinyl-L-diaminopimelic acid was synthesized by the action of suc- 
800'- 
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Fic. 1. Rate of color formation with diaminopimelic acid and 
N-succinyl-L-diaminopimelic acid. Colorimetric assay with 
acidic ninhydrin as described previously (6). O——O, 0.464 


umole of L-diaminopimelic acid. @——@, 0.464 umole of N-suc- 
cinyl-L-diaminopimelic acid. @——@, 0.464 umole of synthetic 
N-succinyl-L-diaminopimelic acid. 
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Fig. 2. Titration curve of N-succinyl-L-diaminopimelic acid. 
14.6 mg of diammonium \-succinyl-L-diaminopimelic acid in 2.00 
ml of H,O. Titration with 1.047 n HSO,. Nz gas stream for 


cinic anhydride on L-diaminopimelic acid. The synthetic com- 
pound could not be distinguished from the natural one in optical 
rotation, rate of color development with acidic ninhydrin (see 
Fig. 1), and Ry in several chromatographic solvent systems. 

Properties of N-succinyl-t-diaminopimelic Acid—The rate of 
color development of N-succinyl-z-diaminopimelic acid with 
acidic ninhydrin is shown in Fig. 1 and contrasted with L-di- 
aminopimelic acid. Blockage of one of the amino groups of L- 
diaminopimelic acid results in a pronounced lag in color forma- 
tion. 

A partial titration curve of the diammonium salt is shown in 
Fig. 2. The addition of 0.5, 1.5, and 2.5 equivalents of acid cor- 
respond to pH reactions of 4.50, 3.21, and 2.17. These are in 
reasonable agreement with expected dissociation constants for 
an unsubstituted carboxylic acid, a carboxyl group adjacent to 
an acy] substituted amino group and a carboxyl group next to an 
unsubstituted amino group. 

The rotation of the natural compound was 4+4.2°: 4N 
HC1,C = 1.96. 

Optical Purity of Accumulated Product—The isolated diam- 
monium salt was the derivative of exclusively L-diaminopimelic 
acid. However, it might be argued that the isolation procedure 
favored one isomer, and that other isomers of N-succinyl-di- 
aminopimelic acid are also accumulated by D-1. The question 
is particularly pertinent since M-26-26, a lysine requirer of the 
same E. coli strain as D-1, excretes both meso- and t-diamino- 
pimelic acid into its medium and in approximately equal amounts 
(14, 15). 

In order to assess this possibility, V-succinyl-L-diaminopimelic 
acid was removed from 1440 ml of D-1 supernatant by means of 
a Dowex 50 column. The column was eluted with 0.5 m am- 
monium formate. The eluate was taken to dryness under re- 
duced pressure and the ammonium formate was removed by dis- 
tillation under high vacuum. After dissolving the residue in 1 
nN HCl, it was heated under reflux overnight in order to hydrolyze 
the succinyl group. The diaminopimelic acid was then placed 
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2.9 


Curve has been 
corrected for the titration of an equal volume of water under the 
same conditions. Temperature, 25°. 


mixing. pH measurement with glass electrode. 


on a column of Dowex 50 (H* form, 2.2 « 22 cm) and eluted with 
1.5 n HCl, followed by 2.56 n HCl. The use of column rather 
than precipitation methods should preclude discriminating 
against diaminopimelic acid isomers. 

The diaminopimelic acid isolated in the above manner had a 
(a)8° +45.0°; wn HCl, C = 4.11. This indicates that at most, 
the diaminopimelic acid contained 2% of the meso isomer, or 1% 
of the p-isomer. 


DISCUSSION 


The finding that \V-succinyl-L-diaminopimelic acid is accumu- 
lated by an organism that requires diaminopimelic acid is most 
easily interpreted as indicating that N-succinyl-L-diaminopimelic 
acid is an intermediate in the biosynthesis of diaminopimelic acid 
and hence, of lysine. Additional evidence supporting this inter- 
pretation is the finding that the parental wild type strain con- 
tains an enzyme capable of converting N-succinyl-L-diamino- 
pimelic acid to L-diaminopimelic acid whereas this enzyme is 
absent in D-1 (7). In considering the possible function of the 
succinate group, one is drawn to the striking parallel with orni- 
thine synthesis in E. coli. Here, the amino group is blocked by 
acetylation (16) before the reduction of the y-carboxyl group of 
glutamic acid occurs. It is only after transamination has con- 
verted the N-acetyl glutamic semialdehyde to N-acetyl ornithine 
that the acetyl group is removed to yield ornithine (17). In the 
absence of the blocking group, glutamic semialdehyde exists 
largely as the cyclic pyrroline which serves as the substrate of 
the reductase that forms proline (18). 

In analogy with the role of acetate in ornithine synthesis, one 
would infer that the blockage of one of the amino groups of di- 
aminopimelic acid prevents cyclization of some intermediate(s) 
in the diaminopimelic acid pathway to the corresponding piperi- 
dine derivative(s). In fact, one such compound, N-succinyl-a- 
amino-e-keto-pimelate, has already been identified and evidence 
presented that it too is a precursor of diaminopimelic acid (19). 

Scher and Vogel (20) have shown that not all organisms use the 
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N-acetylornithine pathway for ornithine synthesis, and that in 
many instances transamination with the linear form of glutamic 
semialdehyde does occur. It remains to be seen whether the use 
of a blocking group in the diaminopimelic acid pathway is also 
elective. 

Acyl-succinyl compounds are not frequently encountered in 
_natural materials. The isolation of N-succiny]-sulfanilimide has 
been reported (21). A somewhat related compound, N-fumaryl- 
DL-alanine, has been obtained from Penicillium resticulosum (22). 


MATERIALS AND METHODS 


Isolation of L-Diaminopimelic Acid—Work et al. (23) have pre- 
pared each of the isomers of diaminopimelic acid by enzymatic 
resolution of the corresponding amides. However, the procedure 
is difficult and not suitable for preparing large amounts of ma- 
terial. The £. coli lysine auxotroph, M-26-26, excretes both L- 
and meso-diaminopimelic acid in approximately equal amounts, 
and supernatants from this organism have been used as a source 
of the more insoluble meso-diaminopimelic acid (15, 24). The 
finding that 6-naphthalene sulfonic acid forms a more insoluble 
salt with L- than with meso-diaminopimelic acid makes it possible 
to use these supernatants as a source of L-diaminopimelic acid as 
well. 

M-26-26 was grown in a carboy with vigorous aeration on 20 
liters of medium A-C of Davis and Mingioli (9), 0.5% glucose 
supplemented with 30 ug per ml of L-lysine-HCl. After 2 days 
of growth, the cells were removed by centrifugation and the pH 
of the supernatant was adjusted to 2 with 125 ml of concentrated 
hydrochloric acid. The supernatant was passed through a col- 
umn of Dowex 50, H*+ form (13 X 8.5 cm) at the rate of 30 ml 
per minute. The column was eluted with 2.5 Nn HCl at the rate 
of 100 ml per hour. Diaminopimelic acid appeared in the eluent 
at 1.5 to 3 liters. This group of fractions was concentrated to 
dryness under reduced pressure. During the concentration, 
some KC] that had also been eluted from the column crystallized 
and was removed. The original supernatant contained 7.0 g of 
diaminopimelic acid as judged by colorimetric assay; 6.1 g were 
obtained from the column. At this stage, the material is 88% 
pure, but no resolution of diaminopimelic acid isomers is effected 
by the column. 

The unresolved material was taken up in 110 ml of 1 Nn HCl 
and 18.7 g of 6-naphthalene sulfonic acid were added. After 
heating to dissolve all solids, the solution was allowed to cool 
slowly to room temperature. The product (6.1 g) was recrystal- 
lized from 35 ml of 1 N HCl, again cooling slowly and only to 
room temperature; yield, 4.9 g. 1.-Diaminopimelic acid was re- 
leased from the ternary salt with pyridine according to Stein 
and Bergman (25); yield, 1.4 g. [a]}° 45.1°; 1 n HCI; C = 
3.94%; literature value, 45.8°. 

Isolation of Meso-Diaminopimelic Acid—Mixtures of meso- and 
L-diaminopimelic acid that have been enriched with respect to 
meso-diaminopimelic acid either by removal of L-diaminopimelic 
acid as the 6-naphthalene sulfonic acid salt, as above, or by crys- 
tallization from water are a useful source of pure meso-diamino- 
pimelic acid by way of the dihydrochloride. 

Twenty grams of a mixture of L- and meso-diaminopimelic 
acid ({a] = 10.3°) were dissolved in 33 ml of hot concentrated 
HCl and then allowed to stand at room temperature for several 
days. The product (12.7 g) was removed by filtration and re- 
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crystallized from 30 ml of 6 Nn HCl. Meso-diaminopimelic acid 
dihydrochloride forms unusually large crystals. By cooling 
slowly and progressively down to 0° over a period of days, it is 
possible to obtain crystals a centimeter in length. 

The product (8.5 g) was optically inactive; 0.1% of L-diamino- 
pimelic acid could have been detected. 

Synthesis of N-Succinyl-L-diaminopimelic Acid—A mixture of 
2.13 g of L-diaminopimelic acid and 2.4 g of KHCOs dissolved in 
20 ml of H,O was treated with 1.13 g of succinic anhydride in 
portions over a period of 20 minutes with vigorous stirring. Col- 
orimetric analysis indicated that about 40% of the diamino- 
pimelic acid had reacted to give the mono-succiny! derivative. 
In order to separate the product from unchanged diaminopimeliec 
acid and disucciny]-diaminopimelic acid, a purification procedure 
similar to that used for the natural compound was employed. 
The chromatography on Dowex 50 and Dowex 1, followed by 
Dowex 50 again was used, but not the intermediate alcohol pre- 
cipitations as barium and lithium salts. A yield of 0.741 g of 
the diammonium salt was obtained. [a]p = 4.5°; 4 n HCl; 
C = 2.35. 

Methods—The colorimetric assay for diaminopimelic acid has 
been described previously (6). A correction factor of 1.75 is 
applied to the determination of N-succiny]-L-diaminopimelic 
acid to account for the lower color yield of this compound com- 
pared to free diaminopimelic acid (see Fig. 1). 

Optical rotation measurements were made in a 2-dm tube. 


SUMMARY 


Escherichia coli mutant, D-1, is characterized by an absolute 
requirement for diaminopimelic acid. A new compound has been 
isolated from the medium in which the mutant is grown. The 
compound has been identified as N-succinyl-LL-a-e-diaminopi- 
melic acid. A chemical synthesis of this compound is described. 


Acknowledgment—The author wishes to acknowledge the skill- 
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In a previous study (2), evidence was obtained that 5-bromo- 
uracil can be incorporated into deoxyribonucleic acids of appar- 
ently nondividing cells. This phenomenon has now been studied 
more closely. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The materials, bacterial cultures, and bacteriological methods 
used in this study were the same as described previously (2, 3) 
unless otherwise specified. 

Strain I (thymine-requirer) of Escherichia coli, used in the 
initial experiments, was the same as before. During the course 
of experiments, this strain became replaced by a mutant I’ 
which showed a somewhat lower replacement of thymine by 
5-bromouracil. 

The cells were grown under various conditions as specified in 
Table I. At various times the total cell counts were made and 
aliquots of the culture were removed for isolation of DNA and 
determination of 5-bromouracil therein. 

The isolation of highly polymerized DNA was performed as 
specified in the previous publication (2). 

Analyses were performed as described previously (2, 3) except 
that the estimation of thymine and 5-bromouracil in the culture 
fluid was performed as indicated below. 

Portions of 25 ml. of the supernatant of centrifuged bacterial 
cultures were extracted with 40 ml of n-butanol. Each butanol 
layer was separated, evaporated to dryness, hydrolyzed with 0.5 
ml of 7.5 Nn HCIO, at 100° for 1 hour, and subjected to chroma- 
tographic separation as mentioned previously for the separation 
of 5-nitrouracil (3). The nucleosides, if any, were collected and 
estimated together with their respective free pyrimidines. 


RESULTS 
The results! are listed in Table I. 


Incorporation of 5-Bromouracil into DNA of Cells in 
Various States 


Experiment 1.—When grown in enriched broth under the 
conditions specified, strain I ended the phase of logarithmic 


* This investigation was supported by research grants C-1760 
from the National Institutes of Health, United States Public 
Health Service; E-52 from the American Cancer Society; and 
G-4337 from the National Science Foundation. Abstract of a 
part of this investigation has been presented previously (1). 

1 The individual cultures exhibit certain usual variabilities in 
cell numbers and 5-bromouracil uptake. 


growth before 7 hours; strain I’ reached the stationary phase in 
7 hours.2. From then on the total number of cells either did not 
increase considerably (strain 1) or did not change at all (strain 
I’), and since the amount of DNA per cell does not increase either 
(2), this moment represented the slowing down (strain I) or the 
end (strain I’) of the net DNA synthesis. On the other hand, 
the incorporation of 5-bromouracil (in place of thymine (5)) 
into DNA was slow during the phase of logarithmic growth, but 
increased afterwards and continued up to 24 hours incubation? 
This continuation seems to proceed in living cells only. When 
the cells (strain I) were killed after 14 hours by chloroform (all 
cells died within 1 hour) and then incubated for another 16 
hours, the 5-bromouracil content in DNA remained essentially 
unchanged (Experiment la). 

Experiment 2.—When the cells were grown for 19 hours in 
the presence of 5-bromouracil (19% of 5-bromouracil in place 
of thymine in DNA), washed, and resuspended in a NaC! solu- 
tion containing thymine and no 5-bromouracil, after an addi- 
tional 17 hours period of incubation there was no increase in the 
cell number, yet the 5-bromouracil content in DNA increased 
to 26%. This was presumably because of the presence of those 
precursors in the cell which were not removed by washing. 


Replacement of 5-Bromouracil by Thymine 


Experiment 3—The cells (strain I’) were grown for 7 hours in 
enriched broth containing 5-bromouracil. At that time solid 
thymidine, (which is used more efficiently than thymine (5)) 
was added and the incubation was continued for 17 additional 
hours, during which time there was no change in the total cell 
number. The 5-bromouracil content in DNA decreased from 19 
to 10%; this replacement of 5-bromouracil by thymine again 
occurred in cells which apparently did not divide. 

Experiment 4—Cells grown for 24 hours in the presence of 5- 
bromouracil were resuspended and further incubated in fresh 
enriched broth without 5-bromouracil. As control experiments, 
the cells were either left in the original medium for a further 24 
hours incubation or else resuspended and further incubated in 
fresh enriched broth containing 5-bromouracil. It will be seen 
that whereas in the controls the percentage of 5-bromouracil 
remained essentially unchanged, in the experimental cells the 


? Two of the growth-limiting factors here are the lack of oxygen 
and a slow decrease of pH of the broth. Further cell divisions 
can be obtained by very vigorous aeration and a better pH con- 
trol after 7 hours. 

* The 5-bromouracil content of DNA is the average content. 
It has been reported that the DNA population is heterogenous 
with respect to the incorporation of this pyrimidine (6). 
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Experiment No. 
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control 


control 


Strain 


I’ 


I’ 


I’ 


I’ 
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Broth® and volume 


Tasie 


Experimental conditions and results 


mi 


EB, 1300 


EB, 1300 


EB, 1300 


EB, 1300 


EB, 1300 


EB, 1300 


FEB, 640 


EB, 1300 


FEB, 640 


EB, 1300 


Total cell No. 4 


Additions” 
Substance Concentration 
Br 100 
Brl 100 
100 
CHCl, 30000 
Brl 100 
Brl | 100 
Thy 100 
100 
100 
Thd(s) 1000 
BrU 100 
BrU 100 
100 
Thd 100 
BrU 100 
BrU 100 
BrU 100 
BrU 10 
Thy 2 


x 10-8 


lo? 
2.4 


10-* 


10-* 


Thymine replaced* 


S88 Be BS Be BBe 


9 (17 corr.) 


(22 corr.) 
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Thymine-5-Bromouracil “Exchange” in DNA 


TABLE I—Continued 


Additions? | | 
Experiment No. Strain Broth® and volume Total incubation‘ Total «ell No# | Thymine replaced* 
Substance Concentration | 
ml hrs | x 10-8 | 
0 10-* | 0 
EB, 1300 7 7.2 0 
BrU(s) 100 24 7.2 17 
| 
0 | 10-8 | 0 
EB, 1300 9 6.6 | 0 
BrU(s) 100 24 | 6.6 | 2.5 
7 I’ | 
EB, 1300 0 | 10 0 
24 | 6.5 0 
| 
0 | 6.5 0 
FEB, 1300 BrU 100 24 | 6 , 
0 | 0.35 L 0 
, . 2 | 3 
~ I EB, 1300 BrU 100 5 | 3 | 5.8 
| Bru 100 
9 I EB, 1300 
Thd(s) 1000 24 | 32 


* EB, enriched broth (2); FEB, transferred to fresh enriched broth; SB, synthetic broth (4) modified to contain 0.0185 m phosphate 
and 0.25% glucose (growth-limiting factor); NaCl, 0.14 m NaCl solution. 

* BrU, 5-bromouracil; Thy, thymine; Thd, thymidine; CHCI;, chloroform; (s), added as solid. 

© Incubation at 37°; w, washed 6 times with 1300 ml aliquots of 0.14 m NaCl solution before next incubation. 

¢ Vertical arrow denotes transfer of all cells to the new incubation medium; L, cells in logarithmic phase. 

¢ Thymine (in mole%) replaced by 5-bromouracil in DNA; corr., corrected for the newly produced cells (see text). 


5-bromouracil became largely replaced by thymine. When 
incubated in the fresh broth, the total cell number increased 
either by 70% (strain I) or only 5% (strain I’) because in the 
latter case the cells were resuspended in a smaller volume. If 
a correction is made even under the conservative assumption 
that the DNA of the newly formed cells contained no 5-bromo- 
uracil at all, then the figures 17% (strain 1) and 22% (strain I’) 
will be obtained; these figures illustrate the decrease in the 
percentage of 5-bromouracil in the DNA of cells that apparently 
did not divide and in which net synthesis of DNA apparently did 
not occur. 

The results of Experiments 1 to 4 indicate, first, that the 
composition of DNA with respect to 5-bromouracil at any 
particular moment is a function of both the environment and 
the state of the cell. The results are consistent with the hypoth- 
esis that the replacement of thymine by 5-bromouracil and vice 
versa may occur without apparent cell divisions or apparent net 
DNA synthesis. Such a hypothesis of thymine-5-bromouracil 
“exchange” supports the concept of “DNA-turnover.” The 


hypothesis is open to objections that there occurs a hidden 
“cell-turnover,” i.e. that the death and divisions of cells (and 
consequently net DNA synthesis) does not cease at the beginning 
of the stationary period. This problem has been investigated 
as indicated below. 


Estimation of Cell-turnover 


A hidden “cell-turnover” (while the total number of cells 
remains constant) would necessitate that a certain number of 
cells disintegrate beyond microscopical recognition, while exactly 
the same number are produced. In general, the cells of EZ. coli 
are not readily autolysed during the first 24 hours of incubation 
in a nonsynthetic medium. The number of cells necessary to 
disintegrate between 7 hours and 24 hours incubation to explain 
the increases in 5-bromouracil content in Experiment 1 merely 
on the basis of “cell-turnover,” would have to be high which 
makes such an explanation unlikely. The results of Experiment 
2 (no change in cell number upon incubation of washed cells 
from 7 hours till 24 hours in 0.14 « NaCl solution) already tend 
to exclude a considerable cell turnover. Nevertheless, to obtain 
further information on this matter, the 7-hour-old cells (Experi- 
ment 1) were all killed by the addition of chloroform and incu- 
bated for the total of 24 hours. The totil count made at that 
time (5 experiments) revealed that 1 to 9% of the cells could 
have disintegrated beyond microscopical recognition; this rep- 
resents, then, the maximum amount of “cell-turnover” during 
this time. Such an amount has only an insignificant influence 
upon the results of Experiment 1. 

It could be objected that the autolysis in actual growing condi- 
tions might conceivably proceed faster than in the chloroform- 
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killed cells. Further evidence against the possibility of a 
«ybstantial cell-turnover is presented in Experiments 7 to 9. 


Cause of Lag in Incorporation of 5-Bromouracil 


The results of Experiment 2 suggest that the lag in incorpora- 
tion (Experiment 1) was not due to a higher ratio of 5-bromoura- 
cil to thymine in old cultures. However, to obtain more informa- 
tion on this matter, the actual determination of these pyrimidines 
(together with their nucleosides, if any) was made in the culture 
fuids at the beginning and the end of Experiment |. It was 
found that although the amount of thymine + thymidine prac- 
tically does not change during the experiment, the amount of 
3+bromouracil + 5-bromouracil deoxyribonucleoside decreases to 
approximately 55° of the original 100 wg per ml, possibly by de- 
bromination (7). The resulting molar ratio of 5-bromouracil + 
5-bromouracil deoxyribonucleoside to thymine + thymidine was 
12 at the beginning and 6.2 at the end of the Experiment 1; this 
indicates that at the beginning of incubation (lag in incorporation 
of 5-bromouracil), the conditions for incorporation are in this 
respect actually better than later on. 

The lag in incorporation could also be caused by a delay in 
appearance of an adaptive enzyme or enzymes. Such an 
hypothesis is unlikely in view of the following results. 

Experiment 5—Experiment | was repeated using as an inocu- 
jum the 24-hour-old cells from Experiment 1, i.e. cells already 
containing 42% of 5-bromouracil in their DNA. After 7 hours 
of incubation in enriched broth containing 5-bromouracil, the 
DNA contained only 12% of 5-bromouracil, indicating that even 
here thymine rather than 5-bromouracil was utilized during the 
phase of logarithmic growth. 

The results of Experiments 1 to 5 are consistent with the 
hypothesis that the lag occurs because the incorporation of 
5-bromouracil cannot start until the concentration of the suitable 
precursor containing 5-bromouracil has sufficiently increased. 
Such a precursor could be 5-bromouracil deoxyribonucleoside 
5’-phosphate (8). The corresponding thymine-containing pre- 
cursors may be produced faster‘ since the replacement of 5- 
bromouracil by thymine occurs without any extensive lag period 
(Experiment 5); it is likely that in this case the thymine-contain- 
ing precursors are produced in synchrony with the rapid cell 
division (generation time 24 minutes) whereas the precursors 
containing 5-bromouracil lag behind and become diluted. 


Influence of Length of Time Required to Reach 
Stationary Phase 

The foregoing hypothesis is strengthened by the demonstra- 
tion, that, when the stationary phase is reached late, the propor- 
tion of 5-bromouracil incorporated during the preceding phase 
of cell divisions is higher. 

Experiment 6—In this experiment the phase of cell division 
was prolonged by the use of a small inoculum and synthetic 
medium (4). Upon incubation, the stationary phase was not 
reached even at 21 hours of incubation and the cell number 
increased by 17% between 21 and 43 hours. However, the 
amount of 5-bromouracil in DNA did not increase. Thus, the 
incorporation of 5-bromouracil can occur either mainly during 
the stationary phase (Experiment 1) or mainly during the phase 

* One of the reasons for this faster production may be the pres- 


ence of the more immediate precursor (thymidine rather than 
just thymine) in the enriched broth. 
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of cell division (Experiment 6), depending upon the growth 
conditions and consequent growth rate. As mentioned above, 
this is consistent with the hypothesis that the extensive in- 
corporation of 5-bromouracil is delayed until the concentration 
of the precursors containing this analogue reaches a level that is 
competitive with the concentration of the corresponding thymine- 
containing precursors. 

Experiment 6 reveals also that after 21 hours the amount of 
5-bromouracil in DNA did not increase even though the synthesis 
of DNA still proceeded; this indicates that the percentage of 
5-bromouracil in such late synthesized DNA was similar to the 


average. 


Influence of Presence of 5-Bromouracil during Phase of 
Cell Division 


Experiment 7—Cells were first grown without 5-bromouracil 
and then at various times brought in contact with 5-bromouracil 
and further incubated. It will be seen that the later the cells 
were first brought into contact with this analogue, the less of it 
became incorporated into DNA. The highest incorporation 
occurred when 5-bromouracil was present during cell divisions 
(Experiment 1), somewhat lower when it was present only after 
the onset of the stationary phase (Experiment 7, 7 hours); a 
drastic change seems to occur afterwards, with resulting very 
low incorporation (5-bromouracil present after 9 hours or after 
24 hours). Thus, it is conceivable that the conditions (en- 
zymes?) present during the cell divisions are necessary for the 
onset of the production of the 5-bromouracil-containing pre- 
cursors of DNA, and that these conditions disappear at the 
beginning of the stationary phase. 

The results (especially last part of Experiment 7), argue also 
against the possibility of any substantial cell-turnover; should 
such occur between 24 hours and 48 hours then the masked cell 
divisions, now in the presence of 5-bromouracil, would finally 
result in a much higher incorporation of 5-bromouracil (up to 
40%) than was actually observed (1%). 

Experiment 8—Enriched broth containing 5-bromouracil was 
inoculated with large number of cells in logarithmic phase (grown 
in enriched broth without 5-bromouracil). In these conditions 
the stationary phase was reached as early as 2 hours; the cell 
count at that stage and the 5-bromouracil content in DNA did 
not increase during the subsequent 22 hours of incubation. It 
appears that here the period of cell division was too short to 
provide enough 5-bromouracil-containing fragments for subse- 
quent incorporation during the stationary phase. 

The results of this experiment also cannot be reconciled with 
any substantial cell turnover during the stationary phase, for 
the same reasons as in the previous experiment. Although the 
fragments containing thymine seem to be manufactured faster 
than those containing 5-bromouracil (see especially Experiment 
5), the above described situation may apply here, too, as shown 
in the following experiment. 

Experiment 9—Cells were grown for 9 hours in the enriched 
broth containing 5-bromouracil. At that time solid thymidine 
was added and incubation continued for 15 hours, during which 
time the total cell number practically did not change. Despite 
the fact that the amount of thymidine added was more than 
sufficient to overcome any action of 5-bromouracil (2, 5) and 
that the thymine-containing precursors may be produced faster,‘ 
the thymine content in DNA did not increase; it is likely that 
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this was because thymidine was added so late (9 hours). When 
added at 7 hours (Experiment 3), the thymine content in DNA 
did increase to some extent. 

The result of Experiment 9 argues also against the possibility 
of any substantial cell turnover: should such occur between 9 
hours and 24 hours, then the masked cell divisions, now in the 
presence of thymidine, would finally result in a replacement of 
5-bromouracil by thymidine, just as in Experiment 5. 


DISCUSSION 


The rigorous exclusion of the possibility of “‘cell-turnover’”’ 
in stationary phase is, in general, difficult. If the evidence 
presented in this paper for the lack of “‘cell-turnover”’ be accepted, 
then the changes in 5-bromouracil content in DNA of the cells in 
stationary phase must be interpreted as the “_DNA-turnover;” 
the DNA, then, would not be an exception in the general theory 
of the dynamic state of cell or body constituents (9, 10). 

The actual mechanism of such “DNA-turnover’’ remains 
unknown. At least three possibilities may be mentioned. 
According to one, the thymine units leave DNA to be replaced 
by 5-bromouracil (or vice versa). This mechanism is excluded 
by the results of the previously mentioned studies (8). Another 
possibility is that the thymidylic acid units leave DNA to be 
replaced by 5-bromouracil deoxyribonucleoside 5’-phosphate 
units (or vice versa). This mechanism appears to be unlikely 
in view of the results® in the study of labeling of phosphate in 
3’- and 5’-positions of nucleotides containing 5-bromouracil from 
DNA of cells incubated with P®. Still another possibility is 
that in the nondividing cells the molecules of DNA are con- 
stantly being degraded and resynthesized. If the molecule of 
DNA has a two-stranded structure (11) and the degradation 
affects only one strand at a time, the information carried by the 
molecule would not be lost during such “DNA-turnover.” 
Alternatively, the “turnover” might affect only those molecules 
or those parts of the molecules of DNA which do not carry 
genetic information, if such nonfunctional molecules or parts 
exist. 

At present it cannot be said whether or not such “DNA- 
turnover” is limited to the “unnatural” bases, for which the 
production of precursors may lag out of synchrony with the 
cell divisions. However, it may be mentioned that the turn- 
over of protein (12, 13) and of RNA (14-16) has been reported 
in resting or very slowly growing cells, whereas no turnover of 
protein (12, 17, 18), RNA (14), or DNA (19, 20) could be demon- 
strated in rapidly dividing cells. An indication of DNA-turn- 
over in the mammalian cells® has also been reported (21, 16). 

The biological implications of a ““DNA-turnover” cannot be 
assessed at present. However, it is of interest that the incorpora- 
tion of 5-bromouracil in the conditions of Experiment 1 did 
result in a high mutation rate and gene unstabilization (22). 


5’ T. D. Price, P. B. Hudson, H. A. Hinds, R. A. Darmstadt, 
and 8. Zamenhof, in preparation. 

6 The rapidly dividing cells of EF. coli may be better material 
for the study of turnover than the mammalian cells. 
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These findings tend to rule out the possibility that 5-bromouraej] 
is incorporated only in those molecules (or parts of molecules) of 
DNA which do not carry genetic information. The occurrence 
of mutations without cell divisions (23) may also have a connee. 
tion with the “‘DNA-turnover.”’ 


SUMMARY 


Studies on thymine-5-bromouracil “exchange” in deoxy. 
ribonucleic acids of Escherichia coli indicate that the composition 
of the deoxyribonucleic acid formed is a function of both the 
environment and the state of the cell. The incorporation of 
5-bromouracil, which requires the presence of this analogue dur. 
ing cell divisions or immediately thereafter, seems to depend 
upon the accumulation of the corresponding precursor (nucleo- 
tide) and the accumulation appears to be slower for 5-bromo- 
uracil than for thymine. The production of precursors contain. 
ing 5-bromouracil may lag out of synchrony with the cell divisions, 
The incorporation may occur either in the dividing cells (deoxy. 
ribonucleic acid synthesis) or in the nondividing (“‘deoxyribo- 
nucleic acid-turnover’’), depending upon the growth conditions, 
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Since the original discovery of polynucleotide phosphorylase 
by Ochoa et al. (1), several groups of workers have studied the 
enzyme (2-6). The over-all reaction can be represented as fol- 
lows: 


n XDP (XMP), + orthophosphate 


where X stands for adenosine, evtidine, uridine, inosine, or 
guanosine, or a mixture of them, and (X MP), represents a poly- 
nucleotide similar to natural RNA in chemical and physical 
properties. The reaction can be followed in the forward diree- 
tion by measuring the production of inorganic phosphate or 
polynucleotide, and in the reverse direction by measuring their 
disappearance or the appearance of radioactive nucleoside di- 
phosphate when the incubation is carried out in the presence of 
radioactive inorganic phosphate. 

Although polynucleotide phosphorylase is present in rather 
large amounts in many bacteria (7), and in smaller amounts in 
plants and animals (8), the most thoroughly studied enzymes are 
those from Azotobacter vinelandii (1, 5), Escherichia coli (2,4), and 
Micrococcus lysodeikticus (3, 6). There is some evidence sug- 
gesting that the polynucleotide phosphorvlases from these three 
sources may not be identical and the work reported in this and 
the following paper may be so interpreted. The purpose of this 
communication is to describe the isolation and properties of the 
erude polynucleotide phosphorylase from Micrococcus lysodeikti- 
cus, and the partial purification of the enzyme. The following 
paper (9) deals with the purified enzyme. A preliminary report 
of this work has appeared (6). 


METHODS 


Substrates and Enzymes 


Nucleoside diphosphates were obtained from the Sigma Chem- 
al Company or from the Pabst Laboratories. AI)P-S8-C™ was 
obtained from Schwartz Laboratories as the barium salt and was 
converted to the sodium salt after adding carrier ADP by the 
addition of Dowex 50-H* resin followed by neutralization of the 
supernatant with NaOH (10). Over 98% of the radioactivity 
migrated with ADP on paper chromatography (11). The con- 
centration of all nucleotide solutions was determined spectro- 
photometrically with the extinction coefficients of Bock et al. 
(12). 


* These studies were aided by a grant from the National Science 
Foundation. 

t Present address, Department of Physiological Chemistry, 
Temple University School of Medicine, Broad Street at Ontario, 
Philadelphia 40, Pennsylvania. 


Polvnucleotides formed in the polymerization reaction were 
pooled and then purified in a manner similar to that of Singer 
(2), which consisted of shaking the aqueous polynucleotide solu- 
tions repeatedly with chloroform-octanol (4:1) until they were 
free from protein, followed by extensive dialysis against cold dis- 
tilled water. The polynucleotide concentrations, expressed as 
nucleotide equivalents, were determined spectrophotometrically 
with the extinction coefficients of Warner (13). The polynucleo- 
tides were then used as primers in the polymerization reaction 
with purified polynucleotide phosphorylase (9) or as substrates 
to study the phosphorolysis reaction. Both poly-A' and poly-C 
had sedimentation constants (s29,,.) of about 6, corresponding to 
molecular weights of 100,000 to 500,000, assuming a random 
coil? 

The crystalline trypsin, crystalline papain, crystalline ribo- 
nuclease, purified testicular hyaluronidase, and ‘‘cellulase” (a 
crude extract from Aspergillis niger which hydrolyzes cellulose) 
were obtained from the Worthington Biochemical Corporation; 
and whole, lyophilized Crotalus adamanteus snake venom was ob- 
tained from Ross Allen’s Reptile Institute. 


Chromatography 


For paper chromatography, the isobutyric acid-ammonia sol- 
vent svstem of Magasanik ef al. (11) was used. In this system 
the polynucleotides remain at the origin, while the nucleoside 
mono-, di-, and triphosphates migrate to separate positions well 
separated from each other and from the origin. The spots were 
located with an ultraviolet light source. 


Orthophosphate Determination 


Initially the method of Fiske and SubbaRow was used, but a 
modification of the method of Dryer et al. (15) gave solutions 
whose absorbancies were slightly greater and much more stable. 
It was used routinely in the later phases of this work. 

The modified procedure was carried out as follows: to 1 ml of 
a neutral or weakly buffered solution containing 1 to 50 ug of 
inorganic orthophosphate were added, in order, 1 ml of 0.0027 m 
ammonium molybdate in 1.0 N H.SO,, and 3 ml of the V-phenyl- 
p-phenylenediamine solution, made up according to Dryer et al. 
The absorbancies were read in a Klett colorimeter with the 66 


! Poly-A, poly-C, and poly-U refer to polynucleotides contain- 
ing adenine, cytosine, or uracil, respectively, as the sole base. 

2? These sedimentation constants were determined by Dr. Gary 
Felsenfeld and Mrs. Sylvia Huang of the Department of Biophys- 
ies, University of Pittsburgh, with ultraviolet opties. The molec- 
ular weights were estimated from the data of Fresco and Doty 
(14). 
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filter 10 to 60 minutes later, during which time there was less 
than a 2% change in absorbancy. 


Protein Determination 

The Folin-Ciocalteu procedure was used as described by 
Lowry et al. (16) except that the 1% copper sulfate and 2% 
sodium potassium tartrate solutions were made up separately to 
prevent cloudiness on standing. The Folin-Ciocalteu reagent 
must be exactly 1.0 N with respect to acid for maximum color 
development (17). Versatol® was found to be the protein stand- 
ard which gave the least trouble (18). With clear solutions, the 
protein concentration was also determined from the ultraviolet 
absorption at 280 and 260 my with the use of the equation of 
Kalckar (19). 


Growth of Cells 


Micrococcus lysodeikticus, originally a gift of Dr. Roland Beers, 
Jr., and subsequently obtained from the American Type Culture 
Collection (No. 4698), were grown with the use of the submerged 
culture technique of Beers (20). The cells were harvested at 
room temperature with a Sharples centrifuge, and were used or 
frozen immediately. 


Partial Purification of Enzyme 


Lysis—The fresh or thawed cells were suspended in about 10 
volumes of 0.1 m Tris buffer, pH 8.1, which contained 1 to 2 g of 
NaCl per 100 ml of buffer, and fresh, raw egg white or crystalline 
lysozyme was added. Lysis was complete 4 to 3 hours later and 
was indicated by a thick “pea-soup” consistency which often 
changed to a stringy or gel-like material. Sometimes at this 
stage the solution was centrifuged to remove the bulk of the 
nucleic acid and cell debris; absence of this preliminary centrifu- 
gation did not appear to change the course of the subsequent 
purification. 

First Alcohol Fractionation—The lysed cells or the supernatant 
from the preliminary centrifugation were cooled to 0° and 90% 
ethanol, cooled to —15°, was added dropwise with stirring. 
Initially all fractionations were carried out in an ice-salt bath at 
—10 to —20°, but in the later phases of this work a cold room 
at —15° was utilized. Centrifugation of the solutions was car- 
ried out in an angle head centrifuge at 25,000 x g for 10 minutes. 
Most of the polynucleotide phosphorylase was obtained in the 
fraction which precipitated between 30 and 60% alcohol. This 
precipitate, which contained denatured protein and adsorbed 
polynucleotide phosphorylase, was dispersed in cold 0.01 m Tris 
buffer, pH 8.1, containing 10-*m cysteine. The final protein con- 
centration of this crude fraction ranged from 10 to 40 mg of pro- 
tein per ml of solution. When a cold room at —15° became 
available and more efficient cooling during the alcohol addition 
was possible, the precipitated protein remained undenatured and 
therefore dissolved in the buffer. This solution (with or without 
the denatured protein) was stable for long periods when frozen 
or stored at 2° and constituted the crude enzyme preparation 
hereafter referred to. The results reported in this paper were 
obtained with this crude enzyme. 

Crude “Trypsin”? Digestion—To destroy “‘myokinase”’ and to 
separate and solubilize the polynucleotide phosphorylase from 


3 Versatol is a registered trade mark of the Laboratory Supply 
Division, Warner-Chilcott Laboratories, Morris Plains, New Jer- 
sey. 
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the denatured protein to which it was adsorbed after the first al- 
cohol precipitation, the suspension was digested with a crude 
“trypsin” solution. This trypsin solution was made up by ex- 
tracting 5 g of Fisher’s pancreatic trypsin powder (catalogue 
T-360) with 100 ml of water for 20 minutes at room temperature 
and then centrifuging for 5 minutes at 1,000 x g to remove in- 
soluble material. The proteolytic digestion was carried out by 
adding to 1 volume of the cold, crude polynucleotide phosphoryl- 
ase preparation 1 volume of cold 0.1 m Tris buffer, pH 8.1, and 
0.10 volume of the trypsin solution. Digestion was carried out 
at 37° for 30 minutes, and after cooling to 0° the solution was 
further fractionated (see below). When the first alcohol precip- 
itate was soluble, the trypsin concentration was reduced to 0.05 
volume and the duration of digestion was shortened to 15 min- 
utes. Addition of trypsin inhibitors (dinitrofluorophosphate, 
soybean inhibitor) to prevent possible further proteolytic diges- 
tion did not enhance the recoveries of polynucleotide phos- 
phorylase. 

Second Alcohol Fractionation—The solution from the trypsin 
digestion was fractionated with alcohol in the same manner as 
described for the first alcohol fractionation. Although some ae- 
tivity is present in other fractions, the 60 to 75% alcohol precip- 
itate contained most of the polynucleotide phosphorylase and 
apparently none of the trypsin. This precipitate was dissolved 
in the cold Tris-cysteine buffer for further purification, and con- 
tained 2 to 5 mg of protein per ml of solution. 

Ammonium Sulfate Fractionation—The solution from the see- 
ond alcohol fraction was cooled to 0° and pH 8.1 saturated am- 
monium sulfate at —15° was added slowly with stirring. The 
temperature was maintained just above the freezing point until 
it had dropped to —15°. The protein precipitating between 40 
and 60% saturation was found to contain polynucleotide phos- 
phorylase uncontaminated by phosphatase or ribonuclease (9). 
The precipitate was dissolved in the Tris-cysteine buffer and 
dialyzed in the cold for 3 hours or overnight against the same 
buffer, after which it was immediately assayed. This solution 
contained 0.5 to 1.0 mg of protein per ml and constituted the 
partially purified enzyme referred to hereafter. Attempts to 
preserve the enzyme at this stage by freezing or lyophilization 
have been unsuccessful. The results reported in the following 
paper (9) were obtained with this partially purified enzyme. 


Assay Procedures 


On the basis of studies reported below the incubation condi- 
tions for studying the forward polymerizing reaction were rou- 
tinely as follows. The medium contained 0.02 to 0.10 ml of en- 
zyme solution containing not more than 1 mg of protein, 1.0 
umole of nucleoside diphosphate, 0.5 umole of MgCl: 0.05 
umole of ethylenediaminetetraacetate, 2 umoles of glutathione, 


and 100 uwmoles of glycine buffer, pH 10.1, in a final volume of — 


0.20 to 0.30 ml. In some cases 0.10 umole of poly-A or poly-C 
was added as a primer. The vessels were incubated at 37° for 
90 minutes (unless otherwise specified), after which they were 
heated in a boiling water bath for 1 or 2 minutes, cooled, and any 
precipitate removed by centrifugation. The supernatant was 
used in the assays for polynucleotide phosphorylase activity as 
described below. 

When phosphorolysis was studied, the incubation medium con- 
tained 1 umole of polynucleotide (poly-A or poly-C) instead of 
nucleoside diphosphate, 15 to 20 umoles of radioactive inorganic 
phosphate (lesser amounts did not cause appreciable phosphorol- 
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ysis), and enzyme, glutathione, magnesium, ethylenediamine- 
tetraacetate, and buffer in the same concentration as in the poly- 
merizing medium. When phosphate exchange was studied the 
only addition to the normal polymerizing medium was | umole 
of radioactive inorganic phosphate. A few experiments were 
carried out with the high KCI medium reported by Beers (21) 
to provide optimum polymer formation.‘ In these cases the in- 
cubation medium contained | yzmole of nucleoside diphosphate, 
0.25 umole of MgCl, 124 uwmoles of KCl, 62 umoles of Tris 
buffer, pH 8.9, and not more than 0.25 mg of enzyme in a final 
volume of 0.62 ml. Incubation was carried out at 37° for 20 
or 90 minutes. 

In every experiment reported in this and the following paper 
each incubated vessel was paired with a control vessel which had 
been made up identically and immediately boiled. These ‘‘zero 
time’ controls were carried through the same assays as the in- 
cubated vessels, and all reported values have been corrected by 
substracting the “‘zero time” control value from those of the 
corresponding incubated vessel. 

Five measurements of enzyme activity have been utilized in 
these studies, but main reliance has been placed on the first three 
which measure the extent of the forward reaction. 

Assay 1: Appearance of Nonmigrating Spot on Paper Chromato- 
grams—An aliquot of the reaction mixture was chromatographed 
and visual inspection of the origin and the positions occupied by 
the mono-, di-, and triphosphates of the nucleosides indicated 
qualitatively the amount of polymer and the presence of myo- 
kinase. With ADP-8-C™ the amount of polymer formed was 
quantitatively measured by determining the radioactivity re- 
maining at the origin relative to the total radioactivity on the 
strip. Radioactivity at the AMP and ATP positions provided 
a quantitative measure of myokinase and phosphatase activities. 

Assay 2: Polynucleotide Formation—Addition of perchloric acid 
to the incubation mixture precipitated any polynucleotide 
formed, as well as any protein remaining after boiling. After 
washing, the polymer was dissolved in 0.01 m Tris, pH 8.1, 
any undissolved residue was removed by centrifugation, and 
the amount of polynucleotide was determined spectrophoto- 
metrically with the use of the extinction coefficients of Warner 
(13). Preliminary studies indicated that alcohol precipitation of 
the polymer was less complete and involved more contamination 
by adsorbed nucleotides than acid precipitation. Chromatog- 
raphy of the acid soluble supernatant did not reveal the presence 
of unprecipitated polymer, but small amounts of oligonucleotides 
might have been missed. 

Assay 3: Orthophosphate Formation—The supernatant and 
washings from the acid precipitation of the polymer were ana- 
lyzed for inorganic orthophosphate in duplicate as described 
previously. 

Assay 4: Phosphorolysis—The extent of phosphorolysis was de- 
termined by the decrease in acid-precipitable polymer, deter- 
mined spectrophotometrically as in Assay 2, by the increase in 
ultraviolet absorbancy of the acid supernatant, and by the radio- 
activity adsorbed on charcoal from the supernatant (2, 4). 

Assay 5: Phosphate Exrchange—The radioactive phosphate in- 
corporated into nucleoside diphosphates was measured by the 


‘ These experiments were initiated in the laboratory of Dr. Ro- 
land F. Beers, Jr., to whom the author is greatly indebted for 
hospitality and helpful discussion, and for generous gifts of poly-A 


and crude lyophilized M. lysodeikticus polynucleotide phosphory!]- 
ase. 
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charcoal absorption procedure of Littauer and Kornberg (4) as 
modified by Singer (2). From the dilution, the total counts in- 
corporated were calculated, and from the specific radioactivity 
of the inorganic phosphate, determined on an aliquot of the char- 
coal supernatant solution, the micromoles of phosphate in- 
corporated were calculated with the use of the equation of Lit- 
tauer and Kornberg (4). It should be noted that this equation 
results in a calculated phosphate exchange of about half that 
which would be obtained with the use of the formula of Grunberg- 
Manago et al. (22). 


RESULTS 


The conditions of incubation were established by the following 
studies of the reaction. Except for the variations noted the in- 
cubations were carried out as described above (see ‘‘“Methods’’). 

pH Optimum—lIn Fig. 1 are shown the amounts of polymer 
formed at various pH’s relative to the amounts formed at pH 
10.1. Expressing the results as relative amounts corrects for the 
variations in absolute amounts of polymer formed from one ex- 
periment to another, since in each experiment the polymer formed 
in the vessel incubated at pH 10.1 was equated to 1.00. A num- 
ber of experiments have been combined in this manner to provide 
the data for Fig. 1, which shows a rather broad spectrum of ac- 
tivity with a peak at pH 9 to 10, and was similar for ADP and 
CDP polymerization. The marked alkali stability of the en- 
zyme is indicated by the appreciable residual activity at pH 12.1. 

Mg** Optimum—Fig. 2 indicates that the ratio of Mg** to 
nucleoside diphosphate is critical with a maximum of polymer 
synthesis at a ratio of 0.5. The slight activity in the absence of 
any added Mg** can be abolished by dialysis. The Mg** re- 
quirement was the same for both ADP and CDP polymerization. 

Enzyme Concentration Optimum—In Fig. 3 are presented the 
results of three experiments in which increasing amounts of the 
crude enzyme were added to the incubation vessels. It is ap- 
parent that maximum polymer is recovered when small amounts 
of enzyme (1 mg or less per vessel) are incubated for 90 minutes 
(Experiments I and II). Larger amounts of enzyme, even 
though incubated for only 15 minutes (as in Experiment III) 
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Fic. 1. pH optimum of polymer synthesis. Incubations were 
carried out for 90 minutes at 37° with 0.02 to 0.10 ml of crude en- 
zyme solution containing not more than 1 mg of protein, 1.0 umole 
of nucleoside diphosphate, 0.5 umole of MgClz, 0.05 umole of ethyl- 
enediaminetetraacetate, 2 umoles of glutathione, and 100 wmoles of 
buffer, in a final volume of 0.20 to 0.30 ml. Results are expressed 
as a fraction of the amount of polymer formed at pH 10.1. 
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Fic. 2. Mg** optimum of polymer synthesis. Incubations 
were carried out at pH 10.1 as described in the legend to Fig. 1. 
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Fic. 3. Optimum concentration of enzyme. Incubations were 
carried out for 90 minutes (Experiments I and II) or 15 minutes 
(Experiment II) at pH 10.1 with various amounts of crude en- 
zyme as described in the legend to Fig. 1. 


decrease the recovery, presumably by nuclease destruction of the 
polymer. These results were similar for ADP and CDP poly- 
merizations. 

Examples of Purification Procedure—The purification pro- 
cedure described above (see ‘*Methods’’) has been carried out 
repeatedly. Two examples are presented in Table I, indicating 
an approximately 10-fold increase of enzymatic activity toward 
ADP. Concomitantly there has been a large or complete re- 
moval of activity toward CDP, as described in the following 
paper (9). In other experiments, specific activities toward ADP 
as high as 20 have been achieved, and, despite considerable 
variability from one experiment to another, a large decrease in 
the relative activity toward CDP. 

Balance Sheet—Table II presents the results of studies of the re- 
action under the various conditions of assay previously described, 
with the use of the crude enzyme. A number of points stand 
out. Activity toward ADP and CDP is about equal and quite 
high, whereas there is much less activity toward GDP and UDP. 
In all cases, the formation of inorganic phosphate (Assay 3) is 
considerably greater than polymer formation (Assays 1 and 2), in- 
dicating the presence of phosphatases hydrolyzing the nucleotides 
or nucleases hydrolyzing the polymers. In the phosphorolysis 
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and exchange reactions there is substantial activity toward both 
adenosine and cytidine compounds. The lower activity in the 
exchange reaction is only apparent, since the poly-A and poly-C 
formed in these four experiments equal the amount of ADP ex- 
changed. The specific activities, with the use of Assay 2 and 
expressed as umoles of polymer formed per 90 minutes of incuba- 
tion per mg of protein, ranged from 0.05 to 0.87. 

Action of Trypsin—The use of proteolytic enzymes in the puri- 
fication procedure was originally undertaken as a method for 
solubilizing the active polynucleotide phosphorylase adsorbed to 


TaBLe | 
Purification of polynucleotide phosphorylase 


— 


Specific activity*® toward 


Purification step I | ll 


ADP CDP ADP. CDP 


0.18 


1. First alcohol fractionation | 0.11 0.08 
2. Trypsin digestion of Step 1, fol- | : | 
lowed by second alcohol fractiona-— | | 
| 


3. Ammonium sulfate fractionation 
of Step 2......... 


1.02 0.08f 1.38 | Ot 


* Specific activities are expressed as wmoles of polymer formed 
per 90 minutes incubation per mg of protein. Examples I and II 
were assayed at pH 10.1 as described in the legend to Fig. 1. 

+ The amount of poly-C actually formed was approximately 
0.02 wmole, an insignificant amount with this assay. 
t Addition of poly-C did not stimulate any polymerization. 


Taste Il 
Balance study with crude enzyme 
All values are expressed as wmoles of substance formed or dis- 
appearing (—) per umole of substrate (+ the standard deviation). 
Incubation media described in text. 


— 


Substrate 
ADP or CDP or 
poly-A GDP poly-C UDP 
1. Nonmigrating chromatographic | 

spot 

Mean: 0.36 

s.d.: +0.18 


to 


. Polynucleotide formation 
Mean: 


s.d.: 


0.02 0.25 0.04 
+0.12 £0.08 40.13 40.04 


3. Inorganic phosphate formation | 
O<.11 O.44 0.30 


Mean: 0.42 
s.d.: +£0.17 £0.18 +0.20 +0.19 
i 
4. Phosphorolysis of polymer 
Mean: —O.15 
No. of experiments I 
5. Radioactive phosphate exchange _ 
Mean: | 0.17 | 0.12 
No. of experiments: | 4 | 4 | 
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denatured protein. Table II] indicates that this was achieved 
with a crude trypsin extract (see ‘*Methods’’), enabling further 
aleohol fractionation to be carried out. It is also apparent that 
other advantages arose from this treatment: there was a loss of 
myokinase activity, indicated by the lack of AMP and ATP 
formation after trypsin digestion, and there was a loss of phos- 
phatase activity, indicated by a lack of AMP formation after 
trypsin digestion. For these reasons the digestion step was con- 
tinued even when the polynucleotide phosphorylase was soluble 
after the initial alcohol fractionation. It has been found, how- 
ever, that the mvokinase is not always completely destroyed, and 
that continued digestion with the trypsin solution destroys all 
polynucleotide phosphorylase activity. Denatured protein pro- 
tects the polynucleotide phosphorylase, so that reduced amounts 
of trypsin were used for shorter periods of time to digest the first 
alcohol fraction when it was soluble. 

Table IIL also indicates that crystalline trypsin does not solu- 
hilize a considerable amount of polynucleotide phosphorylase, 


Taste Ill 


Effects of trypsin and crystalline trypsin on crude 
polynucleotide phosphorylase 


Radioactivity located at 
each position*® 
Enzyme fraction 


Origin ATP ADP | AMP 


-- 


o 


First aleohol fractionation (30-60°, | | 
Control (O time)................. : 0 32 | 40 | 28 


Aleohol fraction of trypsin digest (40- | 


Control (0 time)........ 0 0 100 
| | | 
Residue from erystalline trypsin digest 41 319 | 2 
Alcohol fraction of erystalline trypsin 
digest (40-70°% precipitate)... 47 IS Il 24 
Control (0 time) aide 0 32 36 32 


* Each value is the percentage of radioactivity occurring at the 
indicated position after incubation with ADP-S-C™ followed by 
paper chromatography (Assay 1). 


Tasie IV 
Effect of enzymes on crude polynucleotide phosphorylase 


Concentra- Loss of activity 


“rade poly" pH, duration, and temperature 
preparations nucleotide | | 
ADP CDP 
Te 
Papain 25.9 pH 8.1, 10 min, 37° 33 ol 
Snake venom 1.5 pH 10.1, 20 min, room = 60 100 
temperature 
Hvaluronidase 0.52¢ pH 7.1, 5 min, 37° 17 100 
Cellulase 0.52 pH 6.1, 5 min, 37° | 20 ow 


* Lach value is the percentage decrease in the amount of polvy- 
mer formed after the indicated digestion relative to the polymer 
formed without prior digestion. 

* This corresponds to 0.65 turbidity reduction unit per mg of 
crude polynucleotide phosphorylase. 
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TaBLe V 
Effect of inhibitor and various ions on crude 


Loss of activity toward* 


Inhibitor or ion Concentration ——— 
ADP CDP 
mM 
lodoacetate............. 0.4 60 95 
12 66 0 
16 48 
32 


i 


* Each value is the decrease in the amount of polymer formed in 
the presence of the ion or inhibitor relative to the polymer formed 
in their absence. 


nor does it destroy myokinase. Crystalline chymotrypsin did 
not solubilize much of the polynucleotide phosphorylase either. 
Thus, the effects of the trypsin digestion are probably due to a 
mixture of proteolytic enzyme activities present in the trypsin 
solution. 

An additional finding was that the polynucleotide phosphory]- 
ase was no longer able to polymerize CDP after the trypsin di- 
gestion. ‘This is indicated in Table I and in the following paper 
(9). 

Action of Other Enzymes—Table 1V presents the results of 
various other enzymatic digestions of the crude polynucleotide 
phosphorylase. It can be seen that in these instances the poly- 
merization of ADP is inhibited 20 to 60% whereas CDP poly- 
merization is inhibited 90 to 100%. Higher concentrations of 
snake venom or papain destroyed all polymerizing activity, but 
leucine aminopeptidase (0.30 mg of peptidase per mg of crude 
polynucleotide phosphorylase, incubated 1 hour at 37°) and 
carboxypeptidase (up to 0.12 mg of peptidase per mg of crude 
polynucleotide phosphorylase, incubated | hour at 37°) had no 
effect. 

Effect of Inhibitors and Ions—Table V indicates that iodoace- 
tate, CuSO,, or ZnCl, preferentially inhibited CDP polymeri- 
zation; whereas BaCl, at appropriate levels preferentially 
inhibited ADP polymerization. A variety of other ions effected 
poly-A and poly-C syntheses to the same extent. 


DISCUSSION 


Some of the properties presented here for the polynucleotide 
phosphorylase from M. lysodeikticus have also been noted by 
Beers (3, 21). Thus, he reports a pH optimum of about 9 in 
the presence of KCI, with a lowering and broadening to pH 10 
in the absence of KCl. He also finds that the (Mg**):(ADP) 
ratio is about 0.6 for optimum activity in the absence of salt, a 
conclusion substantiated in this paper, but that in the presence 
of large amounts of KC] the optimum is considerably higher. 
Littauer and Kornberg (4) and Grunberg-Manago et al. (22) re- 
port approximately the same Mg** optimum for the Escherichia 
coli and Azotobacter vinelandii enzymes, but the pH optimum of 
the Azetobacter enzyme appears to be exactly at pH 8.1 (22) and 
that of the FE. coli enzyme at approximately pH 7.4 (4). The 
linearity between poly-A synthesized and time, or between 
poly-A synthesized and enzyme concentration, both reported by 
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Beers (3), is only observed at low enzyme concentrations, as re- 
ported in this paper (Fig. 3). 

The greater inhibition of poly-C synthesis than poly-A syn- 
thesis by iodoacetate should be compared to the limited p-chloro- 
mercuribenzoate inhibition of ADP polymerization reported by 
Grunberg-Manago et al. for the Azotobacter enzyme (22). In our 
hands, this mercurial produces effects which, though somewhat 
variable, generally involve preferential inhibition of poly-C syn- 
thesis. It thus appears that free sulfhydryl groups are required 
for CDP polymerization, and that ADP polymerization is less 
susceptible to sulfhydryl group inhibition. To prevent any pos- 
sibility of such sulfhydryl group inactivation ethylene diamine- 
tetraacetate and glutathione were added routinely to the enzyme 
or incubation medium. 

The inhibitory effect of various ions should be compared to 
the lack of inhibition by arsenate and pyrophosphate reported 
for the Azotobacter enzyme (22), and the inhibition by Mn**, 
but not by pyrophosphate, of the E. coli enzyme (4). Beers 
reports that the Micrococcus enzyme is not inhibited by 1.25 
mM BaCl, (3). All of these studies were carried out with ADP 
and therefore could not show selective substrate inhibition. 
Table V indicates that higher concentrations of BaCl, than 
those used by Beers are inhibitory, and that the degree of in- 
hibition by all the ions tested depends on their concentration 
as well as the substrate used. 

The preferential destruction of polynucleotide phosphorylase 
activity toward CDP by four widely different enzymes, in addi- 
tion to trypsin, suggests that these five enzymes contain a com- 
mon constituent responsible for their action. Such a constituent 
might be ribonuclease that, despite further fractionation, was 
not removed and had acted to destroy poly-C selectively as it 
was formed. Since testicular hyaluronidase is known to con- 
tain ribonuclease (23), and cellulase is a crude extract, such an 
explanation appears possible. On the other hand, snake venom 
contains a general diesterase rather than a pyrimidine-specific 
ribonuclease, and crystalline papain is apparently nuclease free. 
Furthermore, the partially purified enzyme obtained after tryp- 
sin digestion is ribonuclease free (9). Thus, ribonuclease does 
not appear to be the common constituent. Instead, it is con- 
sidered probable that these five enzymes all contain a proteolytic 
constituent which destroys polynucleotide phosphorylase activ- 
ity toward CDP more rapidly than toward ADP. 


SUMMARY 


Polynucleotide phosphorylase has been isolated from Micro- 
coccus lysodeikticus and partially purified. A unique step in the 
purification involves proteolytic digestion with crude trypsin. 
The crude enzyme shows high polymerizing activity toward 


Polynucleotide Phosphorylase. I 


Vol. 234, No. 1] 


adenosine and cytidine diphosphates, less toward uridine diphos- 
phate, and none toward guanosine diphosphate, and contains 
phosphatases and myokinase. The pH, Mg**, and enzyme 
concentration optima are the same for adenosine and cytidine 
diphosphate polymerizations. 

Treatment of the crude polynucleotide phosphorylase prep- 
arations with papain, snake venom, hyaluronidase or cellulase, 
as well as crude trypsin, results in essentially complete loss of 
activity toward cytidine diphosphate but only partial loss of 
activity toward adenosine diphosphate. Addition of iodoace- 
tate, CuSO,, or ZnCl, to the crude polynucleotide phosphorylase 
also preferentially inhibits cytosine polynucleotide synthesis, 
whereas BaCl, preferentially inhibits adenine polynucleotide 
synthesis. 
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Polynucleotide Phosphorylase from Micrococcus lysodeikticus 


Il. ADENOSINE SPECIFICITY OF THE PARTIALLY PURIFIED ENZYME* 


Perer 8S. O_tmstept anp Gait L. Lowe 


From the Biochemistry Department, University of Pittsburgh, School of Medicine, Pittsburgh, Pennsylvania 


In the preceding paper (1) the isolation and partial purification 
of a polynucleotide phosphorylase from Micrococcus lysodeikticus 
is described. The effect of inhibitors, ions, and digestive en- 
zymes on the crude preparation are also described, and a scheme 
involving salt and solvent fractionation and crude tryptic diges- 
tion is presented that results in a 10-fold or greater purification 
of the enzyme. It was found that the crude polynucleotide 
phosphorylase has high polymerizing activity toward ADP and 
CDP and limited or no activity toward UDP and GDP, and 
contains “‘myokinase,”” phosphatases, and nucleases. In the 
present paper studies with the partially purified enzyme are 
presented that demonstrate a retention of activity toward ADP 
but a loss of CDP-polymerizing activity. 


METHODS 


All the methods utilized, including substrates, assays, and in- 
cubation conditions were the same as those described in the pre- 
ceding paper (1). The polynucleotide phosphorylase used in the 
experiments reported in this paper was the partially purified 
enzyme prepared as described (1). 


RESULTS 


Balance Studies with Nonprimer-requiring Enzyme—Table I 
presents the results of the various assays employing the partially 
purified enzyme, and should be compared with the balance sheet 
of the crude enzyme (Table II of preceding paper). A number of 
points stand out. The agreement between the first three assays 
is quite good for all the nucleoside diphosphates, indicating the 
removal of nucleases and nucleoside diphosphatases (since both 
would cause greater phosphate than polymer formation if pres- 
ent). It is apparent that the enzyme has retained high poly- 
merizing activity toward ADP but is completely inactive toward 
CDP, UDP, and GDP. Phosphorolysis and phosphate exchange 
assays confirm this lack of activity toward cytidine compounds. 
Even when primed with poly-C' (last column of Table 1) there 
isno polymerization of CDP, and in one experiment yeast RNA 
was unable to prime poly-C synthesis. In these experiments, 
the amount of protein per vessel ranged from 0.02 to 0.24 mg, 
and the specific activities (umoles of poly-A formed per mg of 
protein per 90 minutes’ incubation) varied from 0.32* to 6.20. 


* These studies were aided by a grant from the National Science 
Foundation. 

+t Present address, Department of Physiological Chemistry, 
Temple University School of Medicine, Broad Street at Ontario, 
Philadelphia 40, Pennsylvania. 

' Poly-A and poly-C refer to polynucleotides containing adenine 
or eytosine, respectively, as the sole base. 

* The low specific activities of a few of the purified enzyme prep- 
arations probably reflects partial destruction of activity toward 
ood in addition to the complete destruction of activity toward 


In this and the following table, the standard deviation of each 
mean has been calculated and indicates the scatter of the sample 
populations. The low standard deviations of the means of the 
polymer and phosphate formed from GDP, UDP, and CDP 
(with or without poly-C) indicate that the individual values 
vary little from the low means and suggest that they are de- 
cidedly different from the much greater amount of polymer and 
phosphate formed from ADP. To test this hypothesis, the 
differences in polymer and phosphate formed from ADP and 
CDP, respectively, were determined for each of the ten experi- 
ments comprising Table |. Since appreciable amounts of poly-A 
but only small amounts of poly-C were formed in each experi- 
ment, the mean difference in the amount of polymer synthesized 
was highly significant (p = 0.002) as was the corresponding 
mean difference in the amount of inorganic phosphate formed 
(p = 0.005). 

Balance Studies with Primer-requiring Enzyme—Table II pre- 
sents the results of experiments in which there was no reaction 
unless primer was added. When a small amount of poly-A was 
added to ADP significant amounts of poly-A were formed, 
whereas even after the addition of poly-C there was no poly- 
merization of CDP. It would appear in both these experiments 
and those of the previous table that CDP inactivity was not due 
to lack of a primer. In these experiments the amount of protein 
per vessel ranged from 0.02 to 0.08 mg, and the specific activ- 
ities from 0.81 to 6.50. 

The difference between those partially purified preparations 
which require priming for poly-A synthesis and those which do 
not is not clear. In the 10 examples where priming was not re- 
quired (Table I) the 280/260 ratio® ranged from 0.60 to 1.21; in 
the five examples where priming was required (Table II) the 
ratio ranged from 0.80 to 1.30. Thus in all cases some nucleic 
acid was present, varying between | and 20% (2); it should be 
noted, however, that those preparations which did not require 
priming generally contained more nucleic acid than those which 
did. 

Time Study of Polynucleotide Synthesis—It was of some interest 
to determine the time course of the polymerization reaction with 
the partially purified enzyme and to ascertain whether the primer 
requirement could be eliminated by longer incubation periods. 
Table III presents the results of these studies. In the absence 
of primer, during the usual incubation period of 90 minutes 
there was very little poly-A formed, whereas after 24 hours a 
considerable amount was formed, indicating that the primer re- 
quirement for ADP polymerization can be overcome by extended 
incubation periods. In the presence of primer, sufficient poly-A 
was formed in only 4 hours to reach approximate equilibrium (3). 


* The ratio of the absorbancy of the enzyme preparation at 280 
my to that at 260 my. 
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On the other hand, when CDP was incubated for long periods 
either with or without poly-C priming, there was no polymer 
formed. These same effects were reflected in the inorganic 
phosphate formation. The amount of protein per vessel ranged 
from 0.02 to 0.07 mg, and the specific activities (umoles of poly- 
mer formed per mg of protein per incubation period) ranged up 
to 15. 

Effect of Other Nucleoside Diphosphates—Since the partially 
purified enzyme neither synthesized nor phosphorylized poly-C, 
it seemed desirable to determine the extent of the reaction in the 


TABLE | 

Balance study with nonprimer-requiring enzyme 
All values are expressed as wmoles of substance formed or dis- 
appearing (—) per wmole of substrate (+ the standard deviation). 
Incubation media described in text. 


Substrate 
Assay | | CDP 
‘poly-A | GDP ‘poly 
1. Nonmigrating chromato- | | | | 
graphic spot | | | | 
Mean: | 0.20) 
+0.14 | 
2. Polynucleotide formation | | | | 
Mean: 0.16 0.01 0.02 0.00 0.00 
s.d.: £0.14 £0.01 £0.02 £0.00 40.00 
3. Inorganic phosphate forma- | | 
tion | | | | 
Mean: 0.01 0.03) 0.03) 0.04 
s.d.: +0.18 £0.01 +0.03 +0.02 40.02 
4. Phosphorolysis of polymer | | | | 
Mean: 0.00 | 
No. of experiments a iy | | 
5. Radioactive phosphate ex- | | 
change | ! | 
Mean: | 0.00. 
No. of experiments | | 3 | 


* 0.10 wmole of poly-C was added as primer to each vessel. 


TaBLe II 
Balance siudy with primer-requiring enzyme 


All values are expressed as ymoles of substance formed per 
pmole of substrate (+ the standard deviation). Incubation 
media described in text. 


Substrate 
| ADP +| CDP + 
ADP CDP 


2. Polynucleotide formation | | 
0.02, 0.19 


Mean: 0.01) 0.01 

s.d.: +0.01 +£0.24 +0.01 40.01 
3. Inorganic phosphate formation | | | 

Mean: 0.03 0.17 0.02 0.04 

s.d.: +0.02 £0.25 +0.02 +£0.01 
5. Radioactive phosphate exchange | | | 

Mean: 0.01 60.00 

No. of experiments 3 | 


* 0.10 umole of polymer was added as primer to each vessel. 
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Time study of polynucleotide synthesis 


All values are expressed as mean number of wmoles of substance 
formed per umole of substrate. 


Substrate 
No. of Duration 

Assay experi- ss of 
ments incubation ADP ADP + CDP CDP + 


poly-A* poly-c* 


20min 0.01 


- 


2. Polymer formation 0.06 0.00 0.01 


1 
3. Wmin 0.02 0.09 0.01 0.01 
2 Shr 0.07 0.03 0.02 
1 24hr 0.31 0.00 
3. Inorganic phos- 1 20min 0.01 0.06 0.00 | 0.01 
phate formation 3 9 min 0.03 0.05 0.02 0.03 
2 Shr 0.61) 0.03 0.06 
24 hr 


0.21 | 0.22 


* 0.10 wmole of polymer was added as primer to each vessel. 


TasBie IV 
Effect of other nucleoside diphosphates 
Enzyme 
Substrate Purified 
Crude* — 
No primer* | With primert 


280/260 pmoles 280/260 


pmoles 280/260 pmoles 
ratiot  Fatiot | ratios 


polymer 


formed formed | 
0.13 0.53 0.08 0.35 0.11 0.30 
ADP + CDP.......... 0.21 0.68— 0.39 


ADP + CDP + GDP + | 


0.44 


of each nucleoside diphosphate when incubated singly or together 
and a ratio of Mg**:total nucleotide of 0.45 in all cases. 

+ Carried out under the optimum high KCI conditions of Beers 
(4) with 1 gmole of ADP or CDP, or 0.5 wmole each of ADP + 
CDP, and 0.25 umole of Mg** in all cases. No polymer was 
formed in this experiment unless primer was added, which con- 
sisted of 0.10 umole of poly-A when ADP or ADP + CDP were 
incubated, and 0.10 wmole of poly-C when CDP alone was incu- 
bated. 

t The ratio of the absorbancy of the polymer at 280 my to that 
at 260 mu. The 280/260 ratios of purified poly-A, at pH 7-8 and 
in dilute buffer or salt, are 0.38 (our data), 0.32 (Warner (5)), and 
0.30 (Beers and Steiner (6)); the 280/260 ratios of purified poly-C 
under similar conditions are 0.80 (our data) and O.82 (Warner 
(5)). 


presence of both ADP and CDP. Table LV presents the results 
of experiments with both the crude and partially purified en- 
zymes incubated with one or more nucleoside diphosphates. The 
crude enzyme synthesized poly-A, poly-C, or the mixed polymer 
containing both substrates, as estimated from the amount and 
spectrum of the polymer formed (the poly-A had a somewhat 
high 280/260 ratio, presumably due to incorporation of the pre- 
formed nucleic acid present in the crude enzyme). On the other 


hand the partially purified enzyme did not polymerize CDP, and 
when both ADP and CDP were present, the spectrum of the 
When 


polymer suggested that only poly-A had been formed. 


| 
| 
| 
UDP 0.05 
* Carried out in the regular polymerizing medium with | wmole 
r 
ome 
Assay 
ty 
d 
n 
tl 
| 
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all four nucleoside diphosphates were added the 280/260 ratio 
also suggested that the polymer was predominantly poly-A. 
Supporting this interpretation of the spectral data was the fact 
that the addition of other nucleoside diphosphates to ADP 
greatly reduced the amount of polymer formed per umole of 
total substrate, but that the amount of polymer formed remained 
approximately proportional to the amount of ADP present. 
Thus the partially purified enzyme, unlike the crude enzyme, 
apparently polymerizes only ADP even in the presence of one 
or more additional nucleoside diphosphates. 


DISCUSSION 


The results presented indicate that the partially purified poly- 
nucleotide phosphorylase from M. lysodeikticus, unlike the crude 
enzyme, polymerizes only ADP. There are a number of possi- 
ble interpretations of this finding which are evaluated below. 

1. Poly-C may actually be formed, but remains undetected 
(e.g. is not precipitated in Assay 2) or is destroyed (e.g. by ribo- 
nuclease). The absence of inorganic phosphate or of cytidine 
3’-phosphate formation indicates, however, that CDP is not 
polymerized, 

2. The assay conditions may be inappropriate for CDP poly- 
merization, but the enzyme retains this capacity. This possi- 
bility is unlikely since CDP is polymerized under these same 
conditions by the crude enzyme, and the purified enzyme is 
active toward ADP under two quite dissimilar incubation con- 
ditions. 

3. Poly-C synthesis, but not poly-A synthesis, may be spe- 
cifically inhibited (e.g. by ions or mono- or oligonucleotides end- 
ing in 3’-phosphate groups). Examples of such preferential 
inhibition of polynucleotide synthesis are known (1,7). If such 
inhibitors were present in the crude enzyme, and were subse- 
quently carried through the purification to inhibit the purified 
enzyme, it would be expected that the crude enzyme would also 
show such selective polymerization. This was not observed (1). 
Furthermore, addition to the erude enzyme of the purified en- 
zyme or of a mixture of the 2’- and 3’-phosphates of adenosine 
and evtidine did not cause any inhibition of ADP or CDP poly- 
merization. Extensive dialysis of the purified enzyme did not 
initiate CDP polymerization. It thus seems improbable that a 
selective inhibitor is present. 

4. Another possible interpretation is that a specific primer is 
required for CDP polymerization but is absent from the purified 
preparation, Attempts to overcome such a possible lack have 
included short and long term incubations both with and without 
added polv-C, but there was no polymer synthesis in any in- 
stance. Co-polymerization with ADP apparently does not occur 
either, even in the presence of polv-A primer. These results are 
distinctly different from those of Mii and Ochoa (8) and Singer 
etal. (9), who found that with the highly purified Azotobacter 
rinelandii enzyme the lag period in polymer synthesis is overcome 
by various primers or extended periods of incubation. In par- 
ticular, poly-C could act as primer for any of the nucleoside 
diphosphates. Furthermore, both the relatively erude (3, 10) 
and highly purified (8, 9) Azotobacter enzymes form mixed poly- 
mers with CDP (i.e. the AGUC polymer‘), and at approximately 
the same rate, per umole of total substrate, as the single poly- 


*The AGUC polymer refers to the synthetic polynucleotide 
containing as the constituent bases, adenine, guanine, uracil, and 
evtosine. 
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mers. Thus, if the partially purified Micrococcus enzyme does 
require a primer for CDP polymerization all attempts to demon- 
strate it have been unsuccessful. 

5. Perhaps the “tryptic” digestion used in the purification of 
the M. lysodeikticus enzyme (1) has specifically destroyed the 
site involved in CDP polymerization (e.g. by removal of a pep- 
tide fragment) but has left the ADP active site unaffected. If 
this is the case, it is difficult to understand how a variety of 
treatments of the crude enzyme (t.e. addition of iodoacetate or 
various ions (1), addition of nucleic acid fractions (7) or digestion 
by five different enzymes (1)) produce a similar nucleotide-spe- 
cific enzyme. Except for these difficulties this interpretation is 
quite similar to the following one. 

6. The final possibility to account for the polymerization of 
ADP alone is that there are several polynucleotide phosphoryl- 
ases, one of which is specific for adenosine compounds, and this 
one has been purified from M. lysodetkticus. Thus the action of 
trypsin or other digestive enzymes, and of various inhibitors 
and ions is preferentially on the CDP-phosphorylase. Both of 
these two final interpretations suggest that a polynucleotide 
phosphorylase specific for ADP has been isolated, and that en- 
zymatic sites active toward other nucleoside diphosphates have 
been destroyed or removed. The only difference between these 
two interpretations is whether these sites are part of one or sev- 
eral molecules. Both are consistent with the observed absence 
of poly-C or mixed polymer synthesis, with the absence of poly-C 
phosphorolysis, and with the absence of CDP phosphate ex- 
change. The isolation of a CDP-specifie polynucleotide phos- 
phorylase would lend support to the multienzyme interpretation. 

The results presented here differ from those of others. Thus, 
Ochoa and Heppel have suggested that the observed competition 
between various diphosphates in the phosphate exchange assay 
supports the concept of a single enzymatic site in the Azotobacter 
enzyme (11), and Mii and Ochoa (8) found no change in the 
relative activities toward five nucleoside diphosphates during a 
300-fold purification of the Azotobacter enzyme. On the other 
hand Littauer and Kornberg (12), in agreement with the results 
presented here, found a large change in the relative activities 
toward different nucleoside diphosphates upon purification of the 
E. colienzyme. It thus appears possible that the bacterial poly- 
nucleotide phosphorylases vary according to their source. 


SUMMARY 


The partially purified polynucleotide phosphorylase from 
Micrococcus lysodeikticus has been studied. In some cases a 
primer (adenine polynucleotide) is required for polymerization of 
adenosine diphosphate, in other cases no primer is needed. In 
all cases, the enzyme is inactive toward the other nucleoside di- 
phosphates. Prolonged incubation of eytidine diphosphate 
with or without cytosine polynucleotide primer does not stim- 
ulate the synthesis of new cytosine polynucleotide. In the 
presence of adenosine diphosphate and other nucleoside diphos- 
phates apparently only adenine polynucleotide, but no mixed 
polymer is formed. 

The data suggest that the enzyme or site active towards cyti- 
dine diphosphate is removed or destroyed during the purification 
and that the remaining enzyme is capable of polymerizing only 
adenosine diphosphate. The partially purified enzyme from 
Micrococcus lysodeikticus is thus different from the purified A zo- 
tobacter vinelandii enzyme. 
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During studies on the metabolism of nucleotides in rat embryo 
homogenates, it was noted that deoxveytidvlic acid was con- 
verted to a variety of compounds. These were detected as 
ultraviolet-absorbing regions upon electrophoresis of the depro- 
teinized reaction mixture in 1% sodium tetraborate. After fur- 
ther analysis the ultraviolet-absorbing regions were found to 
correspond to uracil, deoxyuridine, deoxveytidine, deoxveytidylic 
acid, and deoxvuridylic acid. The last mentioned compound 
was found to result from an enzyme or enzyme system which 
will be referred to as deoxveytidylate deaminase. 

Because of the demonstrated importance of deoxvuridylate 
as a precursor of thymidylate (2-4), it was anticipated that the 
deaminase, if involved in the chain of events leading to DNA 
evnthesis, would be elevated in rapidly growing tissue. 
dence in support of this assumption is demonstrated by the fact 
that of the numerous tissues studied, the enzyme appears at its 
highest levels in early embryonic and neoplastic tissues. While 
this investigation was in progress, the enzyme, or one functionally 
similar to it, was reported as being present in unfertilized eggs 
and embryos of sea urchins (5). 

This report is also concerned with some of the properties of 
the enzyme, as well as with evidence for the conversion of de- 
oxvuridylate to thymidylate in embryonic tissue. 


EXPERIMENTAL 


Materials and Methods 


Most of the nucleosides and nucleotides used in the experi- 
ments were purchased from the Sigma Chemical Company, St. 
Louis, Missouri; the Pabst Laboratories, Milwaukee, Wisconsin; 
Nutritional Biochemicals Corporation, Cleveland, Ohio; and the 
Mann Research Laboratories, New York City. dCDP' and 
dCTP were prepared enzymatically from dCMP as previously 
described (6). Tetrahydrofolate was prepared by the hvdrogena- 
tion of folic acid in NaHCO, with platinum oxide as catalyst (7). 
Deamination of (CMP by nitrous acid was used for the svn- 


* A preliminary report of this work was presented at the meet 
ing of the Federation of American Societies for Experimental 
Biology, April 16, 1959 (1). This investigation was supported in 
part by a grant (H-3747) from the National Heart Institute, 
United States Publie Health Service. 

+ Research Fellow of the American Heart Association. 

' The abbreviation used is: d, in combination with the accepted 
abbreviations, deoxy. 


thesis of (UMP (8). Upon removal of the nitrous acid by 
aeration, the product was isolated by gradient elution with 4 
formic acid (9), followed by lyophilization. 

Protein was determined by «a modification of the method of 
Lowry ef al. (10). The photograph of the ultraviolet-absorbing 
regions in the chromatogram presented in Fig. | was prepared by 
a slight modifieation of the procedure of Goeller and Sherry (11). 
Young rats (Wistar strain, 6 to 8 weeks old) were partially hepa- 
tectomized by the method of Higgins and Anderson (12), but 
aseptic conditions were not employed. After completion of the 
operation, intramuscular injections of 30,000 units of penicillin 
in sesame oil were given to each rat. In no instance was infee- 
tion observed. 

Enzyme Preparations The initial experiments were performed 
with 30 to 50% whole homogenates of embryonic rat liver pre- 
pared in 0.1544 KCL The age of the embryos varied from 15 to 
20 days’ gestation. In later experiments the homogenates of 
tissues from various sources were subjected to centrifugation at 
31,000 * g for 30 minutes and the supernatant fluid was used as 
enzyme source. All manipulations were carried out at 0-4°. 

Assay of Reaction Mixture: Assay Method I1—Whole homoge- 
nates, 0.25 ml, were incubated with 10 wmoles of dCMP, 3 
pmoles of MgCl. 6 wmoles of sodium fluoride, and 10 umoles of 
Tris buffer at pH 8.0 in a final volume of 0.5 ml at 37° for vary- 
ing time intervals. The reaction was stopped by heating at 
100° for 3 minutes. After centrifugation, the supernatant fluid 
was decanted and 0.05 ml was spotted on Whatman No. 3 MM 
paper and subjected to paper eleetrophoresis (Ie-C 455 electro- 
phoresis apparatus, E-C Apparatus Company, Swarthmore, 
Pennsylvania) for 2 hours in 1% sodium tetraborate at 17.5 
volts per em. After drying, the papers were examined under 
ultraviolet light for reaction products. 

Assay Method II-—-The routine reaction mixture used to assay 
various tissue sources for the enzyme contained 5 to 6 umoles of 
ACMP; 100 gmoles of Tris buffer, pH 8.0; 0.05 to 0.25 ml of the 
supernatant from a 30 to 50% homogenate of the tissue after 
centrifugation; and water to a final volume of 0.5 ml. The tubes 
were incubated for 20 minutes at 37° and the reaction was stopped 
with 1.5 ml of 5% trichloroacetic acid. The deprotemized reac- 
tion mixtures were centrifuged and O.1 ml of the supernatant 
fluid was diluted to 5.0 ml with water. The optical density was 
then read at 290 mu in a Beckman DU _ spectrophotometer. 
At this wave length, evtidine compounds have an € of 1.0 « 10* 
(13); uridine compounds have a negligible absorption at the 
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concentrations usually present in the reaction mixtures. The 
difference between a zero time control and the reaction tube 
gives a quantitative measure of the (CMP that is deaminated. 
The reaction is linear in most cases to the extent of deamination 
of about 1.5 wmoles of dCMP. Alternatively, ammonia was 
determined by direct nesslerization of aliquots of the superna- 
tant by the procedure of Koch and McMeekin as modified by 
Markham (14). 

Specific activity is defined as the wmoles of deoxycytidylate 
deaminated in 20 minutes per mg of protein at 37°. 


RESULTS 


Identification of Products—Incubation of dCMP with whole 
rat embryo or embryonic rat liver homogenates resulted in the 
appearance of five distinct ultraviolet light-absorbing spots upon 
electrophoresis of the heated extracts in 1% borate. Analysis 
of the eluted nucleotides by measuring the ratio of absorption at 
280 and 260 my and at 250 and 260 my revealed them to cor- 
respond to cytosine- and uracil-containing compounds. An 
entirely different result was obtained with adult rat liver homogen- 
ates where no uracil-containing regions were found. Fig. 1 
presents the results obtained by incubation of (CMP with an 
embryo liver homogenate. Region B was identified as deoxy- 
uridine by chromatography in isopropanol-HCl (15), isobutyric 
acid-N Hg; (16), and n-butanol-H,O (17). Region C appears to 
be uracil from the absorption spectrum of the eluted compound 
and chromatographic comparison. Region D appears to result 
from the endogenous incubation mixture and possesses a mobility 
similar to adenosine. Regions F and G correspond in mobility 
Only deoxy- 


to a mixture of (CMP and dUMP, respectively. 


OR 


A B C 
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cytidine and dCMP were found in corresponding incubation 
mixtures of adult rat liveranddCMP. ATP was found to reduce 
considerably the breakdown of (CMP to deoxyeytidine and of 
dUMP to deoxyuridine and uracil, possibly by rephosphorylating 
deoxycytidine, deoxyuridine, or both. 

Additional evidence as to the nature of the products of the 
reaction was obtained by the ion exchange separation of the 
components of the reaction of (CMP with rat embryo homoge. 
nate. The reaction mixture, after heat deproteinization and 
centrifugation, was passed through a Dowex 1-formate column 
in order to separate the nucleotides from nucleosides by absorp- 
tion of the former (18). By application of the gradient elution 
technique (9), (from 0 to 4.‘ formic acid) (CMP was separated 
from (UMP. The nucleosides, deoxyuridine and deoxyeytidine, 
were separated by passage of the Dowex 1-formate cluate through 
a column of Dowex 50-H+, which retains the latter compound 
and isolates the former in the eluate (18). The deoxyeytidine 
was then eluted with 1 ~ HCL Of 100 wmoles, 96.5 could be 
accounted for as seen in Table I. That the deamination reaction 
may be specific for (CMP is indicated by the evidence presented 
below on the specificity of the enzyme. The nucleosides prob- 
ably arise by the action of nonspecific phosphatases. 

Stoichiometry of Reaction—Table Il compares the amount of 
dCMP disappearing with that of the ammonia appearing. The 
slightly lower values of the ammonia probably result from some 
volatilization under the conditions of the reaction. 

Activity of Deaminase in Different Organisms and Tissues— 
Since the studies with rat embryos indicated that the specific 
activity of the deaminase decreases rapidly until it is undetecta- 
ble at 10 days after birth of the rat embryo, it was of interest to 
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Fic. 1. Electrophoresis chromatogram of deproteinized incubation mixture of embryonic rat liver homogenate and dCMP. 


Region | is a zero time and Regions 2, 3, 4, 5, 6 represent {-, }-, 1 


details, see Assay Method I of the Experimental section. 


-, 2-, and 4-hour incubation periods, respectively. 
Identification of the products is presented in the text. 
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Taste 
Products found in reaction of deorycytidylate with whole 
homogenates of embryonic rat liver 
The reaction mixture (5 ml) contained initially 20 mw dCMP, 
6 mu MgCl,, 12 mm sodium fluoride, 40 Tris buffer pH 8.0, 
and 2.5 ml of a 30° embryonic rat liver homogenate. It was in- 
eubated 5 hours at 37°. The products were separated by ion 
exchange chromatography and measured as described in the text. 


Compound | Amount found 
| mmoles 
Deoxyeytidine | 18.7 
Deoxyuridine 25.8 
Deoxyeytidylate.__. | 23.5 
Deoxyvuridylate. ..... | 28.5 

| 96.5 


Total 


Tasre Il 
Stoichiometry of deorycytidylate deaminase reaction 
The reaction mixture (0.5 ml) in each tube contained the fol- 
lowing components: (CMP, 10 ma; Tris buffer pH 8.0, 40 mm; 
and 0.25 ml of supernatant from rat embryo homogenate. dCMP 
disappearance and NH, appearance were measured as described 
under “‘Experimental.”’ 


Time of at 4CMP di 
ala. pmoles pmoles 
5 0.31 0.21 
10 0.49 | 0.45 
20 0.99 0.89 
30 1.42 | 1.16 
60 | 


compare this effect with that of other organisms. Chick embryo 
was considered an excellent source because its gestation period is 
identical to that of the rat. Table III presents such a compari- 
son. The deaminase specific activity decreases markedly in 
both organisms, although more so in the rat. Whereas the de- 
aminase could not be detected (within the limits of the assay pro- 
cedure) in rat liver 10 days after birth, adult chicken liver ap- 
pears to retain some activity. However, this is obscured by an 
active deoxycytidine deaminase which is not present in adult 
rat liver. That deoxycytidylate deaminase is not peculiar to a 
specific tissue in the embryo was verified by a comparison of 
organs other than the liver, which was found to contain more 
than heart, kidney, or brain. Hamster embryo was also tested, 
and found to contain deoxycytidylate deaminase activity com- 
parable to that found in the chick and rat. 

It should be emphasized that a decrease in the specific activity 
of an enzyme does not always indicate a decrease in the total 
amount of that enzyme in a tissue or organ. For example, it 
was found that although the apparent specific activity is halved, 
the total deaminase activity doubles from the 7th to the 11th 
day in the chick embryo. However, this unit does provide a 
means for comparing different tissues. Such a comparison is 
presented in Table IV. It was considered likely that an enzyme 
associated with a rapid growth process such as embryonic cell 
division would be found in other rapidly proliferating tissues. 
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This appears to be the case, for deoxycytidylate deaminase has 
been found in all tumors tested to date. 

Although deoxycytidylate deaminase is present in the Novikoff 
hepatoma (Table IV), it was not detected in the liver of the 
tumor-bearing animals. It was also undetectable within the 
limits of assay in almost all normal adult rat tissue with the 
exception of thymus and bone marrow. In addition, it could 
not be detected in mouse, guinea pig, calf, or lamb liver. A 
slight amount of activity was found in the liver of a pregnant 
hamster, but none was detected in that of a male hamster. 
Additional evidence in support of the proposition that the enzyme 
is associated with rapidly dividing cells has come from experi- 
ments with regenerating rat liver. Deoxycytidylate deaminase 
was not detectable in the liver of a sham-operated rat, but was 
present in the livers of rats from the same litter 24 hours after 
partial hepatectomy. This observation correlates well with 
that of Hecht and Potter (19), who found that the incorpora- 
tion of labeled orotic acid into DNA attains its maximal level 
24 to 30 hours after partial hepatectomy. 

The variability in specific activity among different tissues 


Effect of age on specific activity* of deorycytidylate deaminase 
The assay procedure used for the whole embryos and embryonic 
liver is that described under ‘‘Experimental’’ (Assay Method II). 


Chick Rat 


Whole embryo Liver 


Wheleembeye| Lives 


0.50 0.51 


24 0.04 
30 | 0.03 


* umoles of (CMP deaminated in 20 minutes per mg of protein. 


Tasie IV 
Specific activity of deorycytidylate deaminase in various tissues 
The supernatant fluid from homogenates of the above tissues 


after centrifugation at 31,000 < g for 30 minutes was assayed as 
described under ‘‘Experimental’’ (Assay Method II). 


Tissue Specific activity* 
Mouse mast 0.19 
Human bronchiogenic tumor (hamster cheek 
Human liver carcinoma (metastasis from pan- 
Human squamous cell tumor of lymph node... 0.48 
Young rat bone marrow....................... 0.25 
Regenerating rat liver.................... 0.06T 
0.02% 


* umoles of (CMP deaminated in 20 minutes per mg of protein. 
+ 24 hours after partial hepatectomy. 
t7 days after partial hepatectomy. 


iti 
Ti 
d 
5 1.77 | 
0.83 | 
10 0.56 1.27 | 
13 0.85 
| 15 0.65 
= 20 0.20 0.06 
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TABLE V 


Formation of thymidylate from deoryuridylate by tissue 
supernatant fluids 


Tissue Specific activity in thymine 


c.p.m./mg protein 
in thymine 


Rat embryo control (—tetrahy- 


Rat embryo acetone powder... 3220 7927 
Chick embryo............ 1480 1208 
Rat thymus....... 4140 14215 


Regenerating rat liver... 1172 


Mast cell tumor (mouse). 1220 3626 


* Tetrahydrofolate was added to the incubation mixtures con- 
taining this extract and to the following extracts. After depro- 
teinization of the rat embryo control, tetrahydrofolate was added 
to trap the formaldehyde. 

The reaction mixtures (0.6 ml) contained the following com- 
ponents: dUMP, 3.5 mm; C'*-formaldehyde, 2 mm (49.2 
¢.p.m.); tetrahydrofolate, 3.7 mm; 2,3-dimercaptopropanol, 0.017 
mM; Tris buffer pH 8.0, 167 mm; 0.2 ml of supernatant fluid from 
a 30°, homogenate of the above mentioned tissues. After the 
tubes were flushed with 95°) N»-5°, CO, the reaction vessels were 
stoppered and incubated at 37° for 2 hours. The reaction was 
stopped by addition of 1.4 ml of 5°, trichloroacetic acid. Thy- 
mine was isolated as described under ‘‘Experimental.’’ 


may reflect contamination by other less actively dividing cells. 
If the enzyme plays a role in the mitotic process, it is expected 
that its specific activity will be a function of the purity of the 
cell type and the rate of mitosis. Thus, it is not surprising to 
find that the HeLa cells possess the highest specific activity.? 

It was surprising to find the enzyme in both cynomolgus and 
rhesus monkey liver and at a rather high specific activity (ap- 
proximately 1.0). Therefore, the significance of the associa- 
tion of the deaminase primarily with neoplastic tissues, as sug- 
gested by the examples in Table IV, is not clear. However, the 
levels of the deaminase present in neoplasms may be higher than 
those in normal tissues. That this may be the case is indicated 
by a comparison of a human liver carcinoma (Table IV) with a 
non-neoplastic human liver sample. The non-neoplastic sample 
was found to contain deoxycytidylate deaminase activity, but 
with a specific activity of a quarter that of the carcinoma. 
Human fetal liver was also examined and found to have a specific 
activity of the order of magnitude of that of the carcinoma. The 
present studies do not establish the validity of these differences. 

Since it appeared that deoxycytidylate deaminase is primarily 
associated with cells engaged in active DNA synthesis, it was 
anticipated that other enzymes associated with this process 
would also be elevated. Evidence in support of this is presented 
in Table V, where measurements of the thymidylate synthetase 
activity of various tissues are recorded. All are appreciably 
greater than adult rat liver in their ability to synthesize thymi- 
dylate. This is especially true for rat embryo and rat thymus. 
Confirmation for tetrahydrofolate as a required cofactor (2-4) 
is demonstrated by the low activity in the rat embryo control 
in which this compound was omitted. 

2 A specific activity of 3.5 has been found in a study of the ap- 


pearance of the enzyme when measured as a function of growth 
time of the HeLa cells. 
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ENZYME STUDIES 


Purification—Attempts at purification of the deoxycytidylate 
deaminase have been fruitless thus far because of its marked 
instability. Overnight storage of the crude extract at —10° 
resulted in appreciable loss of activity which could not be pre- 
served or restored by cysteine, 2,3-dimercaptopropanol, gluta- 
thione, or ethylenediaminetetraacetic acid. Heated extracts 
or concentrated dialysates enhanced the activity of partially 
inactivated enzyme only slightly. (NH,)SO, precipitation 
between 0.3 to 0.6 saturation gave a fairly stable preparation 
when stored at —10°; however, dialysis or attempts at further 
purification resulted in complete inactivation. The enzyme 
could be preserved, however, in the form of an acetone powder 
of the embryos and most of the studies presented below were 
performed with extracts of embryonic acetone powders. —Incuba- 
tion of the enzyme at 37° for varying periods of time before 
addition of the substrate resulted in a sharp linear decline in 
activity (50% loss in 20 minutes). Cysteine, glutathione, and 
2,3-dimercaptopropanol do not protect against this loss in 
activity, but the substrate, (CMP, does provide some protection, 

Extent of Reaction—The reaction could be measured only to 
HO to 60% of complete deamination (Fig. 2), presumably as a 
result of the combined effects of dephosphorylation of dCMP, 
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Fic. 2. Deamination of dCMP as a function of time (A) and 
enzyme concentration (B). The reaction mixtures contained (in 
pmoles): Tris buffer pH 8.0, 100; dCMP, 5.86; rat embryo acetone 
powder extract, 12 mg of protein per ml. The reaction tubes in 
A contained 2.4 mg of protein; those in B contained an aliquot of 
the original extract as indicated. The final volume was 0.5 ml; 
the incubation temperature, 37°. After the indicated time inter- 
vals the reactions were stopped with 1.5 ml of 5% trichloroacetic 
acid; the reaction time in B was 30 minutes. 
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instability of the enzyme, and product inhibition by dUMP 
(see Table VI). This is presumably the reason for the non- 
linearity of the reaction seen in Fig. 2B. Reversal of the reac- 
tion starting with (UMP and NH,C1 could not be conclusively 
demonstrated. 

pH Optinum—The pH optimum of the rat embryo deoxy- 
evtidylate deaminase reaches a maximum from 7.9 to 8.6 (Pig. 
3). The optimal activity of the chick enzyme appears to be 
from 7.9 to S.4. 

Specificity of Reaction—The reaction may be effected by a 
specific deaminase, since CMP, cytidine, deoxyeytidine, dCDP, 
and dCTP were not deaminated. However, the embryo prep- 
arations did contain 5’-adenylic acid deaminase activity and a 
trace of 5’-deoxyvadenvlic acid deaminase activity. Whether a 
single enzyme is involved in all three reactions has not been 
determined. 

Localization of Enzyme— Assay of the particulate and superna- 
tant fractions of rat and hamster embryos located the enzyme 
primarily in the supernatant fluid. There was only slight activ- 
ity in the nuclei, mitochondria, and microsomes, but this could 
be attributed to adherence. Studies with monkey liver gave 
similar results. 

Other Properties—Complete inhibition by 10-* p-chloro- 
mercuribenzoate and iodoacetate was detected only with the 
acetone powder extract, the fresh embryo apparently possessing 
«ome protective factor. Inhibition by the mercurial could be 
reversed by cysteine. A metal requirement could not be found 
in the erude extract and 10°? mw Versene (the disodium salt of 
ethvlenediaminetetraacetic acid) inhibited only slightly. Treat- 
ment with charcoal or Dowex 1|-formate resulted in a 50% loss 
in activity, which could not be reversed by heated extracts of 
embryo or yeast. Addition of fresh adult rat liver supernatant 
fluid to the reaction mixture did not inhibit or enhance the 
deoxveytidylate deaminase from embryonic supernatant fluid. 

Inhibition by Nucleotides—Since studies with bacterial systems 
have indicated the role that feedback inhibition might have in 
controlling metabolic processes (20, 21), it seemed appropriate 
to study the effeet that nucleotides preceding and subsequent to 
d4CMP in the chain of events leading to DNA synthesis might 
have on deoxyeytidylate deaminase. The data (Table V1) 
indicate that negative feedback may have an important role in 
controlling the rate of DNA synthesis, since two of the products 
subsequent to dCMP, dUMP and dTMP, markedly inhibit the 
deaminase, Cytidine, deoxyeytidine, uridine, deoxyuridine, 
uracil, and orotic acid at the 4-mM level had no detectable 
inhibitory effect. 

It is possible that the variation in activity of deoxyeytidylate 
deaminase in different tissues is a reflection of their content of 
inhibitory nucleotides. However, this appears unlikely for at 
least two reasons. First, the amount of these nucleotides in 
the supernatant fraction used to determine enzyme activity is 
not sufficient to account for this variation in enzyme activity. 
Second, the addition of adult rat liver supernatant fluid, which 
does not contain detectable deoxyvcytidylate deaminase activity, 
to active enzyme preparations did not result in inhibition. 


DISCUSSION 


In view of the association of deoxyveytidylate deaminase with 
a state of elevated mitotic activity, as indicated by these studies 
and those reported previously by Searano (5), it is reasonable 
to assume that the enzyme plays a role in the synthesis of DNA 
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Tasrie VI 
Effect of nucleotides on deorycytidylate deaminase activity 
Per cent inhibition 
2 umoles* 5 smoles* 10 pmoles*® 
AMP 10 19 g 2 
UMP 15 25 | 39 
CMP 0 13 | 19 
dAMP 28 42 60 
dUMP 42 S2 
. Ho O4 


* Concentration of nucleotide in addition to dCMP in reaction 
mixture; for further details see text (Assay Method II). 
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Fic. 3. pH optima of rat and chick embryo deoxycytidylate 
deaminases. The reaction mixtures contained (in umoles ): 
dCMP, 10.0; 13-day embryonic chick liver supernatant, 2.4 mg of 
protein (8); rat embryo acetone powder extract, 4.8 mg of protein 
(4). The buffers were: succinate, O; phosphate, A; Tris, 0; 
glycine, @; lysine, @, each at a level of 200 wmoles per reaction 
vessel. The final volume was 1.0 ml. After incubation at 37° 
for 30 minutes, a 0.5-ml aliquot from each reaction mixture was 
added to 1.5 ml of 5% trichloroacetic acid and assayed as de- 
seribed in “‘Experimental."’ pH measurements were made on the 
residual reaction mixtures. 


OROTIC ACID UMP— CMP— RNA 
' 2 


d-UMP <—d-CMP —> d-CDP —>4-CTP 
DONA 
TuP — > Top —> TTPZ 


Fic. 4. Possible relationships of intermediates involved in the 
synthesis of DNA. 


intermediates. This assumption is made even more likely by 
the fact that the product resulting from the action of the enzyme, 
deoxyuridylate, has been demonstrated to be a precursor of 
thymidylate (2-4). The presence of GdUMP has also been 
demonstrated in phage-infected Escherichia coli (22), a system 
known to be associated with the active synthesis of DNA. The 
fact that cytidine appears to be as good a precursor of DNA 
thymidine as uridine* (23), is still further evidence in support 
of the contention that deoxycytidylate deaminase can be a 
major supplier of DNA thymidylate. This pathway of synthesis 
is shown as occurring through Reactions 2, 3, and 4 in Fig. 4. 
Preliminary studies with chick embryo mince are in accord with 


* Unpublished experiments. 
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this pathway. However, additional studies suggest that UMP 
can be converted to dT MP in cell-free extracts (Reactions 1 and 
4, Fig. 4), which is in support of Reichard’s observation (24) 
on the conversion of UMP to dUMP in chick embryo superna- 
tants. It has not been possible as yet to determine which of 
these pathways of thymidylate synthesis is the predominant 
one. This will be determined, as can be seen in Fig. 4, by the 
rate of conversion of UMP to CMP via the nucleoside triphos- 
phates (25, 26), which in turn will be effected by a competing 
reaction, the conversion of UMP todUMP. Still another path- 
way to be considered is the deamination of 5-methyldeoxy- 
cytidine 5’-phosphate to dTMP, which was demonstrated in 
sea urchin eggs by Scarano and Maggio (27). Whether this is 
the same enzyme as deoxycytidylate deaminase is as yet un- 
known. 

It is interesting to speculate that deoxycytidylate deaminase 
might be involved in a rate-limiting step, the relief of which 
would result in the initiation of DNA synthesis. The variability 
of the enzyme activity in the same and different tissues, its 
increase in regenerating rat liver, and its end product sensitivity 
suggest such a role for this enzyme. However, other enzymes 
concerned with the synthesis of DNA precursors, such as thymi- 
dylate kinase (28), thymidine kinase (29), carbamyl phosphate- 
aspartate transcarbamylase (30), and DNA polymerase (29), 
have also been shown to be elevated in rapidly growing tissues. 

Because of the many known variables and the perhaps as yet 
undiscovered ones, it may be difficult to determine which step 
in the process of DNA synthesis is an all-inclusive, rate-limiting 
one. However, a perhaps less difficult task and one which may 
provide an important clue to the activation of DNA synthesis 
could be the clarification of the parameters involved in the 
potentiation of such enzymes as deoxycytidylate deaminase. 


SUMMARY 


An enzyme or enzyme system involved in the deamination of 
deoxycytidylic acid to deoxyuridylic acid is present primarily 
in rapidly growing mammalian tissues. Of numerous tissues 
examined, the highest specific activities are found in young rat 
and chick embryos. As embryos develop, the specific activity 
of the deaminase decreases markedly. The conversion of deoxy- 
uridylic acid to thymidylic acid is also enhanced in rapidly 
growing tissues. 


Acknowledgment—We would like to thank Mrs. Phyllis Throop 
for her capable technical assistance. 

Note Added in Proof—Scarano E. and Tolarico, M. (Boll. Soc. 
Ttal. Biol. Sper., 35, 97, 1959) have demonstrated that deamina- 
tion occurs in the presence of (CMP and adult rabbit liver. 
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Their finding has been confirmed by us, and, in addition, we have 
verified that the reaction is occurring at the nucleotide level, since 
no deamination was observed with deoxycytidine. 
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Virus-induced Acquisition of Metabolic Function 


III. FORMATION AND SOME PROPERTIES OF THYMIDYLATE SYNTHETASE OF 
BACTERIOPHAGE-INFECTED ESCHERICHIA COLI* 


Joe, G. FLAKS AND Seymour CoHen 


From the Department of Biochemistry, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 


In the two previous papers evidence was presented for the 
occurrence in bacteriophage-infected Escherichia coli of an en- 
zyme, deoxycytidylate hydroxymethylase, which catalyzes the 
formation of 5-hydroxymethyldeoxycytidylate (1, 2). This re- 
action is similar in some respects to the enzymatic reaction lead- 
ing to the synthesis of thymidylate from deoxyuridylate, form- 
aldehyde, and tetrahydrofolic acid. We are designating the 
latter catalytic activity, which was first reported by Friedkin 
and Kornberg (3), as “thymidylate synthetase.”” We have ex- 
tended our studies on the hydroxymethylase to the thymidylate 
synthetase, and the results of this work are reported in the pres- 
ent paper. 

Thymidylate synthetase has been found in extracts of E. coli, 
and the amount of enzyme is increased several fold in extracts 
prepared from E. coli infected with a T-even bacteriophage (4). 
The induction of this increased activity is comparable to that 
reported for the deoxycytidylate hydroxymethylase. Fraction- 
ation of the extracts has revealed the two activities to be asso- 
ciated with different enzymes, as indeed one would expect since 
the synthetase is present in normal cells, albeit in lesser amount, 
whereas the hydroxymethylase is only present in virus-infected 
bacteria. Some experiments have also been performed which 
exclude hydroxymethyldeoxyuridylate as an intermediate in 
thymidylate synthesis. 


EXPERIMENTAL 


Materials and Methods 


Chemicals—DPN and TPN were obtained from Pabst Labora- 
tories, and DPNH and TPNH from the Sigma Chemical Com- 
pany. Uridine, deoxyuridine, pyridoxal phosphate, and pyridox- 
amine phosphate were purchased from the California Corporation 
for Biochemical Research. 5-Fluorouracil, its deoxyribonucleo- 
side, and 5’-deoxyribonucleotide were generously supplied by 
Dr. R. Duschinsky of Hoffmann-La Roche, Inc. This sample 
of the nucleotide had been prepared synthetically by phosphoryl- 
ation of the nucleoside by Farkas et al. (5). A second sample of 
the nucleotide and the 5-bromodeoxyuridylate was prepared 
enzymatically by Dr. M. R. Loeb in this laboratory (6) by the 
action of a thymidine kinase! derived from E. coli on the corre- 
sponding nucleosides and ATP. 5-Fluorouridylate was a gift 
of Dr. Charles Heidelberger. 5-Fluorodeoxycytidylate has been 
synthesized by an enzymatic method in this laboratory (12). 


. * This study has been aided by a grant from the Commonwealth 
und. 

' We are grateful to Dr. Arthur Kornberg for making the details 
of this enzyme preparation available prior to publication. 


All other chemicals were either prepared or obtained as described 
previously (1). 

5-Hydroxymethyldeoxyuridylate was prepared by deamination 
of 5-hydroxymethyldeoxycytidylate with nitrous acid (7); the 
latter nucleotide was prepared enzymatically as described earlier 
(1). Of the barium salt of the C“-labeled nucleotide (890 ¢.p.m. 
per umole) 8 umoles were dissolved in 5 ml of 2 N acetic acid 
and a solution of 500 mg of sodium nitrite in 2 ml of water was 
added, with stirring, over the course of 3 hours. After incuba- 
tion at room temperature overnight, the excess nitrite was de- 
stroyed by the addition of 750 mg of urea. The solution was 
diluted to 200 ml with water and adjusted to pH 10 with 2 n 
NaOH. The sample was passed through a Dowex 1-acetate 
column and eluted with the sequence of ammonium acetate 
(pH 4.2) buffers described previously (1). A single nucleotide 
peak was obtained on elution with 0.3 Mm ammonium acetate. 
The fractions (150 ml) were combined, neutralized with 5 N 
NH,OH, and the volume was reduced to 50 ml under reduced 
pressure. The nucleotide was adsorbed on a Norit column 
(2.0 cm X 1 cm diameter) after adjustment of the pH to 4 with 
4 N acetic acid. The column was washed with 100 ml water and 
the nucleotide was eluted with 50% ethanol containing 1 N 
NH,OH. The over-all recovery of the nucleotide was 78%. 
Analysis showed a C™ to organic phosphate ratio of 0.98:1.0 
and less than 2% inorganic phosphate. The ultraviolet absorp- 
tion maximum at pH 1.0 was at 264 my with Eoso/E2xo and 
Ex0/E2o ratios of 0.71 and 0.48, respectively. Dephosphoryla- 
tion by an alkaline phosphatase (8) yielded the nucleoside which 
was identical by paper chromatography with synthetic 5-hy- 
droxymethyldeoxyuridine in two solvent systems: 86% aqueous 
n-butanol, Ry 0.24; isopropanol-HCl (9), Ry 0.70. In both 
solvent systems there was complete separation from deoxyuridine 
and thymidine. 

It is of interest that small amounts of 5-hydroxymethyldeoxy- 
uridylate are also generated enzymatically from deoxycytidylate 
by extracts of infected bacteria. In our previous report on the 
deoxycytidylate hydroxymethylase (1), it had been found that 
when deoxycytidylate is incubated under conditions of the hy- 
droxymethylase assay with a crude extract of infected bacteria, 
10.2% of the isotope fixed is present in a series of fractions eluted 
from a Dowex 1 column in the region of uracil and thymine 
nucleotides. The ratio of C™ to ultraviolet absorption and the 
spectra of these fractions indicated the presence of a mixture of 
compounds; these were not further resolved by chromatography 
on Dowex 1. Separation of the mixture has been achieved by 
first dephosphorylating the mixed nucleotides to the nucleoside 
level with alkaline phosphatase, followed by paper chromato- 
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Fic. 1. The synthesis of thymidylate catalyzed by extracts of 
uninfected cells and T2r*-infected cells. The results are pre- 
sented as umoles of formaldehyde-C™ fixed into acid-stable, non- 
volatile form as a function of the protein content of the extract. 


graphic separation with a butanol-ammonia solvent system (top 
phase of 150 ml of n-butanol plus 50 ml of 5% NH,OH). Three 
nucleosides were obtained by this treatment and appeared to be 
thymidine, deoxyuridine, and 5-hydroxymethyldeoxyuridine 
which had Ry values of 0.44, 0.21, and 0.12, respectively, in this 
solvent system. The thymidine and 5-hydroxymethyldeoxy- 
uridine contained fixed C™ representing 7.0 and 1.8%, respec- 
tively, of the total fixed radioactivity applied to the Dowex 1 
column. This represents a recovery of 86% of the isotope 
originally present in the uracil and thymine nucleotide region of 
the Dowex 1 chromatogram. When deoxyuridylate was the 
substrate with an enzyme preparation from virus-infected cells, 
only deoxyuridine and radioactive thymidine were recovered 
when the reaction products were treated as described above. 
Since, as will be seen subsequently, 5-hydroxymethyldeoxyuridy- 
late is not produced by thymidylate synthetase, these results 
suggest that the virus-infected cell contains a deaminase which 
converts deoxycytidylate and 5-hydroxymethyldeoxyeytidylate 
to deoxyuridylate and 5-hydroxymethyldeoxyuridylate, respec- 
tively. A deoxycytidylate deaminase has indeed been found in 
extracts of infected bacteria.? 

Growth of Bacteria and Preparation of Cell-free Extracts—Cells 
of E. coli strain B were grown with vigorous aeration to 2 « 105 
cells per ml on the mineral medium described previously (10), 
in the presence of 1 mg of glucose per ml. The cells were har- 
vested by centrifugation and resuspended to a concentration of 
1 X 10° cells per ml in the medium from which they were har- 
vested. Glucose was added to a concentration of 3 mg per ml, 
and the cells were aerated at 37°. The cell suspension was in- 
fected with bacteriophage at a ratio of virus to bacteria of 4 or 
5 to 1, and incubation with aeration was continued for 15 minutes 
at 37°. Where phages T4 and T6 were used as the infecting 
agents, 50 wg per ml of pL-tryptophan were added at the time 


2 J. G. Flaks, unpublished observations. 
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of infection as the virus adsorption cofactor. The cells were 
then rapidly chilled, harvested by centrifugation, and ground 
with alumina (Alcoa A-301), with the use of 0.5 gm for each 
60 ml of cell suspension at 1 xX 10° cells per ml. The ground 
puste was then extracted with 5 ml of water per 0.5 gm of alu- 
mina, and the extract clarified by centrifugation for 15 minutes 
at 5000 r.p.m. Extracts were similarly prepared from uninfected 
cells. Preparation and assay of the bacteriophage stocks have 
been described previously (11). 

Enzymatic Assays—All other assay procedures and methods, 
including the assay for thymidylate synthetase activity have 
been described previously (1, 2). 

RESULTS 

Thymidylate Synthetase in Extracts of Uninfected and Virus- 
infected Cells—In Fig.1 are presented the results of an assay for 
the synthesis of thymidylate as catalyzed by enzymes from un- 
infected and T2r*-infected E. coli. The assay procedure de- 
scribed previously was used, and involves a direct plating of 
acid-treated aliquots of the reaction mixture (1). The results 
are presented as umoles of C'-formaldehyde converted into an 
acid-stable, nonvolatile form as a function of the protein content 
of the extracts. It can be seen that with extracts from both 
uninfected and virus-infected cells as the enzyme source, the 
fixation of isotope into an acid-stable form is proportional to the 
protein content. However, the activities present in the virus- 
infected extract are approximately 7-fold greater than that 
occurring in the uninfected extract. It has been pointed out 
previously (1), that accurate estimations cannot be made with 
low orders of activity when the direct plating technique men- 
tioned above is used since small amounts of isotope are fixed in 
control assays lacking added deoxyuridylate. Only low orders 
of the thymidylate synthetase activity are present in the un- 
infected cells, and in this case the isolation of the reaction product 
by paper chromatography has confirmed the synthesis of thy- 
midylate (12). As will be described in Paper IV of this series 
(12), such an isolation procedure, using carrier nucleotide, has 
been developed for the assay of low levels of the synthetase. 

Requirements for Induction of Thymidylate Synthetase—No 
activity for thymidylate synthetase could be demonstrated in 
intact virus or in osmotically shocked preparations obtained 
from them. Infection of cells with ghosts of T2 gave as a max- 
imum an 11% increase in activity compared to that obtained on 
infection with the intact virus. As previously described (2), 
under conditions of multiple infection with ghost preparations 
containing 1 to 2% of active phage, a small percentage of the 
cells would be infected, resulting in the enzyme increment ac- 
tually observed. Increases in enzyme activity were not found 
in extracts of strain B infected with phage T1. 

The time course of increase in thymidylate synthetase activity 
following infection by T2r* is similar to that obtained with the 
deoxyeytidylate hydroxymethylase (2) and is shown in Fig. 2. 
An increase in activity is detectable about 4 minutes after in- 
fection and increases until a maximum is reached about 20 min- 
utes after infection. 

The increase in activity is dependent upon protein synthesis 
as is also the case with the hyvdroxymethylase. This was shown 
by infecting bacteria deficient in the amino acid, tryptophan. 
The results of such an experiment in which strain B/1 was in- 
fected with T2r° are given in Table I. This strain requires 
tryptophan for growth. On infection of this organism, in the 
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absence of added tryptophan, there is no increase in the syn- 
thetase activity over the course of 30 minutes. When trypto- 
phan is present initially, an approximate 6-fold increase in ac- 
tivity occurred 20 minutes after infection. If tryptophan is 
withheld during the first 15 minutes after infection, then added, 
there is a 4-fold increase in synthetase activity during the final 
15 minutes. These experiments indicate, as was the case with 
the hvdroxymethylase, that a period of protein synthesis is neces- 
sary for the increase in thymidylate synthetase activity and it 
may be suggested that the synthetase is one of the protein com- 
ponents produced at this time. 

Separation of Deoxrycytidylate Hydrorymethylase and Thymidyl- 
ate Synthetase—It has been found that precipitation with strepto- 
mycin at a specific pH will resolve the hydroxymethylase and 
synthetase activities. The procedure is detailed below and the 
results are reported in Table II. 

Four liters of cells were grown to 2 X 10° per ml, concentrated 
to | liter and infected with T2r* at a virus to bacteria ratio of 
5. The incubation and preparation of the extract was similar 
to that described under “Materials and Methods.” A vield of 
50 ml of extract was obtained containing 486 mg of protein. 
The extract was chilled to 4° and the pH adjusted to 6.0 with 1 
x acetic acid. To the cold solution was added 4.86 ml of 5% 
streptomycin sulfate dropwise with stirring at the rate of 0.5 ml 
per minute. The suspension was stirred for 20 minutes and the 
precipitate (Precipitate 1) removed by centrifugation. A second 
addition of 4.86 ml of streptomycin was made in a similar man- 
ner, vielding Precipitate 2. Each of the streptomycin precipi- 
tates was extracted twice with 15-ml portions of 1.2 wm KC! and 
clarified by centrifugation. In other experiments, these precipi- 
tates have been extracted with 0.05 mM maleate buffer, pH 7.2, 
with somewhat better results. 

It can be seen in Table Il that 78% of the hydroxymethylase 
activity was recovered in the streptomycin supernatant fraction, 
with only 2% in streptomycin Precipitate 1. There was no 
synthetase activ,ty in the streptomycin supernatant fraction and 
a total recovery of 57% was obtained in the combined eluates 
from the streptomycin precipitates. We have thus far been 
unable to stabilize the synthetase activity for periods greater 
than 3 to 4 days in any of the fractions reported above or after 
ammonium sulfate fractionation of these preparations. 

Specificity of Reaction—With the extract from virus-infected 
cells (T2r*), no activity for thymidylate synthetase could be 
detected with uridylic acid (S mM), uridine (1 10°? 
or uracil (5 & 10°* mM). At these concentrations, neither uridine 
or uracil exerts any influence on the course of the reaction when 
incubated in the assay system in the presence of deoxyuridylate. 
However, uridylate under these conditions inhibits the reaction 
27% at 8 K mM, and 14% at 2 10°° =Somewhat vari- 
able effects have been obtained when deoxyuridine is used as the 
substrate. Occasional preparations of the enzyme extract from 
infected cells have shown activity with deoxyuridine (8 & 10-* m) 
equivalent to that obtained with deoxyuridylate (2 « 10-% Mm). 
Incubation of the enzyme in the presence of both deoxyuridine 
and deoxyuridylate does not result in an increase in activity over 
that present when either uracil compound is present alone. Di- 
alvsis of the enzyme extract for 2 to 4 hours against several 
changes of 0.01 Mm phosphate buffer, pH 7.0, results in losses of 
over 90% of the activity with deoxyuridine and roughly 20% 
with deoxyuridylate. These results are interpreted as suggest- 
ing that deoxyuridine is functioning via its conversion to deoxy- 
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SPECIFIC ENZYME ACTIVITY 
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Fic. 2. The time-course of increase in thymidylate synthetase 
activity of cells infected with T2r*. Two liters of cells grown to 
2 X 10° per ml were harvested and resuspended in the same media 
at 1 X 10° cells per ml in the presence of 2 mg per ml of glucose. 
Infection was carried out with T2r* at a virus to bacteria ratio 
of 4. Aliquots of 60 ml of infected cells were withdrawn at the 
indicated times, converted to extracts, and assaved for thymidyl- 
ate synthetase activity. 


Dependence upon protein synthesis for induction 
of thymidylate synthetase 


Time | Specific 
after | System enzyme 
infection | | activity 
min | | protein 
0 + tryptophan 

0 B/I | 1.38 
20 B/1 + tryptophan 6.81 
B/1 0.83 
30 + tryptophan (added at 15 min.) 4.70 


One and eight-tenths liters of strain B/1 were grown as described 
previously (2) to 2 X 10° cells per ml. The cells were harvested 
by centrifugation, washed twice with 200-ml. portions of the 
mineral media, and resuspended in 360 ml of the mineral media 
containing 3 mg per ml of glucose and 2 mg per ml of Casamino 
acids. After warming to 37° with aeration, the cell suspension 
was divided into three parts. All vessels were infected at 0 min- 
utes with T2r* at a virus to bacteria ratio of 5. One vessel had 
5O wg per ml of pL-tryptophan added at 0 minutes, the second had 
the same addition at 15 minutes, and the third had no addition of 
tryptophan. Aliquots of 60 ml of cell suspension were removed 
at the times indicated, chilled, and extracts prepared and assayed 
as described. 


uridylate, a result which has also been obtained with the enzyme 
preparation from thymus (13). 

Neither DPNH or TPNH had any influence on the reaction 
at concentrations of 1 10°? mM. DPN and TPN at 2 x 10-4 
M also did not affect the reaction. 

Nonintermediation of 5-Hydroxrymethyldeoryuridylate—As men- 
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Taste II 
Separation of deorycytidylate hydrorymethylase and thymidylate 
synthetase activities 


Total units of activity 
Fraction 

Hydroxy- 

Synthetase 
Streptomycin supernatant fluid........... 4180 0 
Streptomycin Precipitate 1............... 84 896 
Streptomycin Precipitate 2............... 0 154 


tioned above, 5-hydroxymethyldeoxyuridylate has never been 
found to accumulate when deoxyuridylate was used as the sub- 
strate with enzyme preparations from virus-infected cells. The 
reduction of 5-hydroxymethyldeoxyuridylate to thymidylate 
also does not occur with extracts containing active enzyme. In 
such experiments 5-hydroxymethyldeoxyuridylate (2 10-* 
labeled with C™ in the hydroxymethyl group, was incubated with 
the enzyme preparation either alone, in the presence of DPNH 
or TPNH (2 X 10-* M), or in the presence of tetrahydrofolate 
(1 xX 10-*m). Following termination of the incubation, carrier 
thymidylate (1 umole) was added to each vessel. The reaction 


III 

Experiments with 5-hydrorymethyldeoryuridine 5'-phosphate* 

Experiment 1. The complete system contained, in a final vol- 
ume of 0.5 ml: 2.5 wmoles of C'*H,O (specific activity = 79,000 
c.p.m. per wmole); 0.5 umole of tetrahydrofolate; 20 uwmoles of 
potassium phosphate, pH 7.0; 5 wmoles of MgCl.; 1.0 umole of 
dUMP*; 0.2 ml of extract of T6r*-infected cells containing 50 units 
per ml. Where added: 1.0 smole of 5-CH,OH-dUMP (specific ac- 
tivity = 890 c.p.m. per wmole). The tubes were incubated for 20 
minutes at 37° and the reaction terminated by the addition of 0.5 
ml of 10% trichloroacetic acid. Carrier thymidylate was added 
to each tube, as indicated in the text, and 0.5 wmole of carrier 
5-CH,OH-deoxyuridine (unlabeled) was added to Tubes 1 and 2. 
The isolation and assay of thymidine and 5-CH,OH-deoxyuridine 
are described in the text. 

Experiment 2. The incubation system was identical to Experi- 
ment 1 with the substitution of unlabeled CH,O and use of 5-CH:- 
OH-dUMP of specific activity = 9800 c.p.m. per wgmole. The in- 
cubation, isolation, and assay were the same as for Experiment 1. 


Thymidine 


System 


Experiment 
No. 
Tube No 


les| 
1 | 1 | Complete 6400 99.0 182 
Complete — dUMP 96 1.5 86 


3 | Complete — dUMP + 5-CH:2-/| lll 1.7; 1000 
OH-dUMP 
4 | Complete + 5-CH:OH-dUMP | 5200 80.0 | 1120 
5 | Complete — dUMP and CH,0 + 1.1) 0.4 

5-CH,OH-dUMP 


Complete + 5-CH,OH-dUMP 4.1 | 0.4} 9200 
2 | Complete — dUMP + 5-CHe>- 0 0 9100 
OH-dUMP 


*5-CH,OH-dUMP, 5-hydroxymethyldeoxyuridylate; dUMP, 
deoxyuridylate. 
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mixture was then dephosphorylated with alkaline phosphatase 
(8) and thymidine isolated by paper chromatography as detailed 
below. Less than 2% of the isotope present in the hydroxy- 
methyl compound was found in the isolated thymidine under 
any of the experimental conditions. 

Other types of experiments have also been carried out to de- 
termine if 5-hydroxymethyldeoxyuridylate acts as an intermedi- 
ate. These experiments were carried out with the incubation 
conditions similar to the assay system for thymidylate synthe- 
tase. After termination of the reaction by addition of 10% 
trichloroacetic acid, 1 zmole of thymidylate was added as carrier 
to each vessel. After centrifugation to remove precipitated pro- 
tein, the supernatant fluid was held at 100° for 60 minutes and 
then cooled. Three-tenths milliliter of 1 m MgCl, was added to 
each vessel and the pH adjusted to a phenolphthalein end point 
with n NH,OH. Eight units of alkaline phosphatase were added 
to each vessel and incubation was carried out at 37° for 5 hours. 
The precipitate of MgNH,PO, was removed by centrifugation 
and the supernatant fluid was reduced to a volume of 0.3 ml at 
50-60° and applied to sheets of Whatman No. 1 filter paper as 
12-em bands. Descending chromatography was carried out in 
a butanol-NH; solvent system (top phase of 150 ml of n-butanol 
plus 50 ml of 5% NH,OH) for 18 hours. In this system thymi- 
dine migrated with an Ry, of 0.45 and 5-hydroxymethyldeoxy- 
uridine with an Rp of 0.12. These bands were cut out, eluted 
with 5 ml of water, concentrated as above, and reapplied to paper 
as 2-cm bands. The thymidine samples were rechromatographed 
with the upper phase of the solvent system ethyl acetate-formic 
acid-water (65:5:35), migrating with an Ry, of 0.22. It was 
necessary to chromatograph the hydroxymethyl nucleoside a 
third time in the solvent system, isopropanol-HCl (9); its Rr was 
0.70 in this system. All samples were eluted from the paper 
with 2 ml of water and their spectra were determined on 10-fold 
dilutions in 0.1 Nn HCl read against a paper blank similarly 
treated. Other aliquots were plated directly on copper planchets 
and their radioactivities were determined. 

The results of two such experiments are shown in Table III. 
In Experiment 1, formaldehyde-C™ (specific activity = 79,000 
c.p.m. per umole) was incubated with tetrahydrofolate, the 
enzyme, and either deoxyuridylate, 5-hydroxymethyldeoxy- 
uridylate (specific activity = 890 ¢.p.m. per umole) or both. 
It can be seen from Vessel 2 that the absence of deoxyuridylate 
leads to a very low incorporation of isotope into thymidylate, 
presumably caused by the presence of endogenous nucleotide 
substrate in the enzyme. Substitution of 5-hydroxymethyl- 
deoxyuridylate (Vessel 3) for deoxyuridylate, or incubation of 
the hydroxymethyl nucleotide as the sole labeled compound 
(Vessel 5) did not increase this insignificant level of synthesis. 
Approximately 0.1 umole of thymidylate was synthesized in the 
presence of the complete system (deoxyuridylate present), 
whereas the added presence of 5-hydroxymethyldeoxyuridylate 
(Vessel 4) reduced this synthesis by 20% reduction in thymidy]- 
ate. This point is again demonstrated in Experiment 2, in 
which the labeling procedure was reversed. Unlabeled formalde- 
hyde, tetrahydrofolate, the enzyme, and 5-hydroxymethylde- 
oxyuridylate (specific activity = 9800 c.p.m. per umole) were 
incubated in the presence and absence of deoxyuridylate. There 
is insignificant incorporation into thymidylate in either case, 
and the specific activity of the isolated hydroxymethyl nucleo- 
side is almost unchanged. It would appear from these experi- 
ments that free 5-hydroxymethyldeoxyuridylate is not an inter- 
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TaBLe IV 

Effect of various analogues on thymidylate synthetase activity 

The regular assay conditions for thymidylate synthetase were 
used with preincubation of the analogues with the enzyme in the 
presence of 0.04 Mm potassium phosphate, pH 7.0, for 5 minutes at 
25°. In Experiments 1, 2, and 4, 0.15 ml of enzyme extract (T2r*- 
infected cells) was used, and in Experiment 3, 0.1 ml was used. 
One milliliter of extract was equivalent to 1.2 X 10° infected cells. 


Additions to complete system fixed Inhibition 

pmole % 

1 None 0.031 
F-dUMP* (5 um)t 0.002 94 
F-dUMP (2 wm)t 0.014 55 
F-dUMP (5 wm) 0.004 87 
F-dUMP (2 um) 0.021 32 
F-dUMP (1 wm) 0.033 0 

2 None 0.037 
F-dUMP (20 um)t 0.005 86 
F-deoxyuridine (4 mm) 0.022 40 
Fluorouracil (4 mm) 0.039 0 

3 None 0.028 -- 
F-UMP (2 mm) 0.020 28 
F-dCMP (0.14 mm) 0.006 79 
F-dCMP (0.06 mm) 0.020 28 

4 None 0.036 
Br-dUMP (0.3 mo) 0.028 22 


* F-dUMP, 5-fluorodeoxyuridylate; F-UMP, 5-fluorouridylate; 
F-dCMP, 5-fluorodeoxycytidylate; and Br-dUMP, 5-bromodeoxy- 
uridylate. 

t Where this superscript is used in the Table, the sample had 
been prepared by chemical phosphorylation. In other instances, 
F-dUMP was prepared by enzymatic phosphorylation. 


mediate in the conversion of formaldehyde to the methyl group 
of thymidylate, nor can it be converted to thymidylate. How- 
ever, it does possess some inhibitory activity for the complete 
system, perhaps similar to uridylate and some of the 5-halogen 
substituted uridylates. 

Effect of Analogues on Reaction—We have briefly reported on 
the action of derivatives of 5-fluorouracil on thymidylate syn- 
thetase (6). These experiments were carried out by preincu- 
bating the enzyme preparation (extract of T2r*-infected cells) 
with the analogue in the presence of 0.04 m potassium phosphate, 
pH 7.0, since it was observed that the inhibitory effects of 5-flu- 
orodeoxyuridylate were markedly enhanced by such preincuba- 
tion. The results of a number of these experiments are presented 
in Table IV. Of all the inhibitors tested, 5-fluorodeoxyuridylate 
appeared to be the most powerful, maintaining some inhibitory 
activity at levels as low as 2 X 10-* M, and with inhibitions ap- 
proximately 90% or better at all concentrations above this level. 
The nucleoside, 5-fluorodeoxyuridine, showed a 40% inhibition 
at 4 < 10-* M, but this inhibition was greatly reduced on diluting 
the extract. This relatively high concentration necessary for 
inhibition coupled with the reduction in inhibition on dilution 
of the extract suggests the possibility that the nucleoside is 
enzymatically phosphorylated to the nucleotide by a kinase and 
ATP present in the enzyme preparation. Such a dilution effect 
with the enzyme has not been found with any of the nucleotide 
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inhibitors. The free base, 5-fluorouracil, has been found inactive 
at all levels tested. Both 5-fluorouridylate and 5-bromodeoxy- 
uridylate show inhibitions of the order of 20 to 30% in the con- 
centration range of 3 X 10-*mto2 x 10-*m. These inhibitions 
are of the same order of magnitude as that obtained with the 
uridylate and may represent a general competitive effect of 
nucleotides. The inhibition with 5-fluorodeoxycytidylate is of 
interest since this nucleotide shows no inhibitory activity with 
the deoxycytidylate hydroxymethylase. Inhibitions of thymi- 
dylate synthetase as high as 80% have been obtained with 
fluorodeoxycytidylate at 1 x 10-‘ m, although complete inhibi- 
tion, as in the case of 5-fluorodeoxyuridylate, has never been 
observed. The inhibitory action of this nucleotide may con- 
ceivably arise in this system from some deamination to traces of 
5-fluorodeoxyuridylate. 


DISCUSSION 


The present work offers further evidence for a distinction be- 
tween the deoxycytidylate hydroxymethylase and thymidylate 
synthetase activities of EF. coli. It is clear from the results of 
the fractionation studies that the two activities are the function 
of separate protein entities. This was indicated previously in 
studies which demonstrated the selective inhibition of thymidyl- 
ate synthetase (6), the catalytic requirement for tetrahydrofolate 
with the hydroxymethylase as opposed to a substrate require- 
ment with thymidylate synthetase, and the difference in stability 
of the two enzyme activities (1). 

Thymidylate synthetase appears to represent two activities: 
the addition of a single carbon fragment at the oxidative level 
of formaldehyde and its probable concomitant reduction to a 
methyl group. One possible intermediate in such a sequence, 
5-hydroxymethyldeoxyuridylate, has not been found to accumu- 
late under conditions of thymidylate synthesis from deoxy- 
uridylate. Of greater importance is the fact that this nucleotide 
is not converted to thymidylate under a variety of conditions, 
nor does it serve to trap isotopic formaldehyde which is con- 
verted to the methyl group of thymidylate. Unless such a hy- 
droxymethy! derivative is enzyme bound and not freely ex- 
changeable, the most probable mechanism of the reaction is that 
proposed by Friedkin and Kornberg (3), or one similar to it, in 
which a methylene-bridged complex between deoxyuridylate and 
tetrahydrofolate is postulated as the intermediate. Presumably, 
a migration of hydrogen from tetrahydrofolate to the methylene 
bridge permits a cleavage to dihydrofolate. The absence of a 
pyridine nucleotide requirement or reducing compounds other 
than tetrahydrofolate itself suggests that this latter compound 
serves as both single carbon carrier and reductive source. Ex- 
periments supporting this concept have recently been reported 
by Friedkin (14). 

Activity obtained with deoxyuridine substituted for deoxy- 
uridylate as substrate would appear to be caused by the presence 
of a kinase which phosphorylates the nucleoside. In support of 
this view we note that: (a) the nucleoside requirement for max- 
imal activity is about 8-fold greater than deoxyuridylate, (b) 
the activity is lost upon a brief dialysis of the enzyme, and (c) 
the presence of both nucleoside and nucleotide does not result 
in enhanced activity. This kinase activity may also account 
for the inhibitory action of 5-fluorodeoxyuridine, where again 
much higher levels of the nucleoside are required in contrast to 
the nucleotide. A recent report (13) indicates that the nucleo- 
tide is indeed the apparent substrate for the thymidylate syn- 
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thetase of thymus extracts in which the conversion of deoxy- 
uridine to a thymine derivative had also been observed earlier 
with unpurified systems. 

It is interesting to note the amount of enzyme activity present 
within the uninfected and virus-infected cell. If the amount of 
enzyme present in an extract of uninfected cells represents all of 
the activity, it can be calculated that this level of activity is 
just sufficient to account for the thymine requirement for growth 
of the organism. Upon virus infection, the level of activity 
rises about 7-fold, which is of the same order as the increased 
rate of thymine and DNA synthesis in infected cells. Thus the 
content of thymidylate synthetase may well be one of the rate- 
limiting steps in DNA synthesis both in the normally growing 
organism and under conditions of virus infection. This did not 
appear to be the case with the deoxycytidylate hydroxymethylase 
whose activity in the virus-infected cell was greater than required 
for the 5-hydroxymethyldeoxycytidylate synthesis necessary for 
viral DNA formation. 

It may be mentioned that induction of the two enzymes can 
be separated from each other by establishing infection with the 
proper virus. In the case of infection with T5, which lacks 
hydroxymethyl! cytosine and stimulates the synthesis of a DNA 
rich in thymine, there is no induction of the hydroxymethylase, 
but an increased activity of thymidylate synthetase within the 
infected cell (12). In this case, infection of a thymine-requiring 
bacterium increases the amount of the synthetase by at least 
1200-fold. 


SUMMARY 


The enzyme, thymidylate synthetase, which catalyzes the 
synthesis of thymidylic acid, has been studied in extracts pre- 
pared from normal and virus-infected Escherichia coli. The 


Virus-induced Acquisition of Metabolic Function. III 


Vol. 234, No. 11 


activity, which can be detected in extracts of uninfected cells, is 
increased about 7-fold after infection of cells with some of the 
T bacteriophages. The nature of this induced synthesis appears 
to be similar to that of deoxycytidylate hvdroxymethylase. 
Thymidylate synthetase has been separated from deoxycy- 
tidylate hydroxymethylase in extracts of infected cells. The 
enzyme requires deoxyuridylate, formaldehyde, and tetrahydro- 
folate as substrates, and is markedly inhibited by the presence 
of 5-fluorodeoxyuridylate. 5-Hydroxymethyldeoxyuridylate is 
excluded as a free intermediate in the synthesis of thymidylate. 
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IV. THYMIDYLATE SYNTHETASE IN THYMINE-REQUIRING ESCHERICHIA COLI INFECTED BY 
T2 AND T5 BACTERIOPHAGES* 


Hazet D. BARNER AND SEYMOUR S. COHEN 
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In 1954, we (1) deseribed the T2 virus-induced acquisition of 
thymine biosynthesis in a thymine-requiring strain of Escherichia 
coli strain 15y-. Other auxotrophic strains possessing nutritional 
requirements other than thymine do not similarly acquire the 
ability to synthesize such essential nutrients after virus infection 
and indeed this unusual difference stimulated an exploration of 
the normal physiology of strain l5y;-. As a result of this study, 
the phenomena of unbalanced growth and thymineless death 
were first observed in this organism (1, 2). 

Although it was observed that strain 15,- accumulated uracil 
in amounts comparable to its thymine requirement (2), the exact 
site of the lesion in thymine biosynthesis could not be established 
until the enzymatic pathway of thymine biosynthesis was elu- 
cidated. Subsequently it was found that thymine is formed at 
the nucleotide level in an enzymatic reaction in which deoxy- 
uridylate, formaldehyde, and tetrahydrofolate participate to 
form thymidylate (3, 4). The enzyme involved, thymidylate 
synthetase, was readily assayable in extracts of normal and 
virus-infected E. coli (5, 6). In the course of such assay it was 
found that infection by the T-even phages, i.e. T2, T4, or T6 
markedly stimulated the biosynthesis of thymidylate synthetase 
(7) in nonauxotrophic bacteria, e.g. FE. coli strain B. In one 
respect, this biosynthesis was qualitatively different from that 
of the deoxycytidylate hydroxymethylase, since the hydroxy- 
methylase could not be detected before infection (5, 7), whereas 
the synthetase is normally present at levels sufficient to account 
for the thymine requirements of normal multiplication. 

It was reasonable to suppose that the synthetase might be 
present in very much lower amounts or indeed inappreciable in 
thymine-deficient organisms. Accordingly, evidence for the 
presence of the enzyme was sought in such organisms. Since 
serious inaccuracies existed in the assay at low levels of enzyme 
content (5), a far more sensitive and reliable assay was developed, 
involving the use of carrier thymidylate to permit the isolation 
and identification of enzymatically generated thymidylate. 
When this isotope dilution method was used, strain 15;— did 
not appear to contain either hydroxymethylase or synthetase 
before infection. 

It was demonstrated that both synthetase and hydroxymeth- 
vlase appeared in T2-infected strain 15;,-. From this result it 
appeared that the concomitant appearance de novo of both en- 
zymes might be the result of the existence of a single inducing 
fragment of the DNA which controls the production of both 
enzymes. In a test of this hypothesis, a separation of the pro- 
duction of the enzymes might be effected by use of another virus 


* This work has been supported by a grant from the Common- 
wealth Fund. 


which did not contain 5-hydroxymethyleytosine. Such a virus 
is T5, whose multiplication involves a rapid net synthesis (8) of 
a DNA containing thymine and cytosine (9). 

However, such an experiment was not previously possible since 
strain 15;- was insensitive to T5. More recently, a thymine- 
requiring mutant of E£. coli strain B became available and it was 
possible to perform this experiment since this strain, designated 
strain Br-, is sensitive to T5. We have now shown that strain 
By- on infection with T5 is also induced to synthesize thymine. 
However, in contrast to the effects of T2 infection, the synthetase 
is produced in T5 infection without production of the hydroxy- 
methylase! In addition, it has been found that T1 infection 
of strain Br- does not induce the production of either enzyme. 


EXPERIMENTAL 


Materials and Methods 


Biological Systems—Two thymine-requiring mutants of E. coli 
were used: strain 15;— described in earlier papers from this lab- 
oratory (1) and a mutant of strain B, called By-. This strain 
was first isolated by Dr. Sidney Brenner of the University of 
Cambridge. The stock cultures were maintained on nutrient 
broth agar. The inoculum for an experiment was taken from a 
culture which had undergone two passages only in a homologous 
liquid medium containing excess thymine. Cultures of By- in 
nutrient broth and mineral medium plus glucose (12) were en- 
riched with 3 wg of thymine per ml. Cultures of 15,- in mineral 
medium received 2 ug of thymine per ml. Glucose at a con- 
centration of 1 to 3 mg per ml served as carbon and energy source 
in the synthetic medium. Calcium was added at a concentration 
of 10-3 m to all media immediately before infection with T5. 

A stock of T2r* was prepared from a lysate of strain B in 
synthetic media. Tl and T5 lysates derived from confluent 
lysis of strain B in a soft agar layer on nutrient broth (13) were 
purified by differential centrifugation. T5 was resuspended in 
M/15 phosphate buffer at pH 6.8 containing 0.002 m Mg**. Tl 
was resuspended in nutrient broth. 

Analytical Procedures— Deoxyribonucleic acid was determined 
by the Burton method (14) and protein by the Lowry procedure 


' After we had obtained these results, reports appeared by Craw- 
ford (10, 11) deseribing the T5-induced synthesis of thymine in a 
thymine-deficient strain of Escherichia coli strain B. This worker 
has not analyzed this phenomenon at the enzymatic level. The 
strain with which he worked was designated as strain B3; we ap- 
pear to have the same organism but are adopting the name Br- 
since this term is more informative of the physiological properties 
of the bacterium and is similar to the widely accepted nomencla- 
ture employed for the thymine-deficient strain 15, t.e. strain 15,7-. 
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(15). Thymidine and thymidylic acid were obtained from the 
California Foundation for Biochemical Research, Los Angeles. 
5-Hydroxymethyldeoxycytidine was isolated from lysates of the 
T-even bacteriophages (16). The 5’ nucleotide of 5-hydroxy- 
methyldeoxycytidine was obtained by enzymatic hydrolysis of 
DNA from T2 and T6 bacteriophage preparations (17, 18). A 
more efficient method for obtaining this nucleotide proved to be 
its synthesis by the phosphotransferase from plant sources (19). 
The first preparations of hydroxymethyldeoxycytidylate were 
made with a purified carrot enzyme kindly supplied by Dr. Erwin 
Chargaff. Subsequent preparations were made with the enzyme 
from germinating wheat, as described below. 

Wheat seeds were washed in water for 2 hours and the excess 
moisture removed. The moist seeds were shaken in a beaker 
with a small amount of Arasan (du Pont) to prevent excessive 
growth of mold during germination. Germination was allowed 
to proceed in the dark at room temperature for 5 to 7 days. 
The shoots were harvested, ground in a chilled mortar, and ex- 
tracted with 10 ml of cold water per g of shoots. The extract 
was sedimented at 10,000 x g for 20 minutes and the super- 
natant fluid was stored at —20°. The reaction mixture for 
nucleotide synthesis contained the following, per ml; 10 uwmoles 
of nucleoside, 200 umoles of p-nitrophenylphosphate, 100 wzmoles 
of acetate buffer at pH 5.2, and 1.0 mg of wheat protein. The 
mixture was incubated at 30° for 3 to 5 hours and was applied 
directly to paper for chromatography in isobutyric acid-ammo- 
nium hydroxide (20). With 5-hydroxymethyldeoxycytidine, no 
nucleotides other than its 5’ nucleotide were obtained. Yields 
of the nucleotide, sensitive specifically to a 5’ esterase, varied 
from 45 to 70%. 

Although no simple relationship was obvious between the 
phosphatase activity which produced p-nitrophenol and the 
phosphotransferase which produced the nucleotide, the deter- 
mination of p-nitrophenol was used as a quick and easy guide 
to the amount of enzyme to be added. In the system described 
above, 17 umoles of p-nitrophenol per ml per hour were produced. 
The estimation was made by diluting an aliquot of the reaction 
mixture into 0.1 N NaOH and determining its optical density at 
400 mu. An extinction coefficient of 18.2 K 10° (21) was used 
in calculating the concentration of p-nitrophenol generated. 

Assay for Enzymatic Activity—The assay for thymidylate 
synthetase which depends upon the conversion of radioactive 
formaldehyde to an acid-stable, nonvolatile form by bacterial 
extracts, in the presence of tetrahydrofolic acid and deoxyuridylic 
acid, was devised by Flaks and Cohen (5, 7). This relatively 
direct plating and counting procedure is accurate only to within 
15% when used to determine the low levels of thymidylate syn- 
thetase found in uninfected cells. To improve the accuracy and 
sensitivity of this assay, a carrier method was devised and both 
assays were used simultaneously. Two sets of assay tubes were 
set up and incubated as described in the earlier technique (7). 
The first set was assayed for activity by the earlier method. 
From the duplicate set, the amount of thymidylic acid synthe- 
sized by the enzyme was determined in the following manner. 

After incubation, the reaction mixture was chilled, 1 umole of 
thymidylic acid and 0.5 ml of 10% trichloroacetic acid were 
added. The protein was sedimented and the pellet was washed 
with 1 ml of water. The wash and supernatant fluid were com- 
bined and heated for about 1 hour in a boiling water bath with 
frequent shaking. This caused decomposition of the trichloro- 
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acetic acid and volatilized the excess formaldehyde. When the 
solution became neutral, the tubes were cooled and an alkaline 
phosphatase was added to convert any remaining nucleotides to 
the nucleosides. Extensive conversion to nucleosides had al- 
ready been effected by boiling in the presence of trichloroacetic 
acid. For the cleavage by means of alkaline phosphatase, the 
following additions were made: phenolphthalein, 60 umoles of 
MgCl, NH,OH to the phenolphthalein end point, and 8 units 
of alkaline phosphatase prepared from calves’ intestines (22). 
The total volume was 1.0 to 1.5 ml. After a 3-hour incubation 
at 37° with the intestinal phosphatase, the tubes were thoroughly 
chilled and sedimented. The precipitate was washed with a 
small amount of distilled water and the wash was added to the 
supernatant liquid. The supernatant fluid was concentrated 
and chromatogrammed in a butanol-ammonia system (23). The 
separated thymidine was purified by chromatogramming in two 
or three additional solvent systems. The additional solvent sys- 
tems used were ethyl acetate-formic acid, butanol-H,O, and 
isopropanol-HCl| (23). After four purifications by paper chro- 
matography, 35 to 50% of the original 1 umole of carrier added 
had been recovered for determination of its specific activity. 
The concentration of thymidine was determined by its optical 
density in 0.1 N HCl in the Beckman spectrophotometer. 

Radioactivity was measured in a gas flow counter with stain- 
less steel planchets. The counting error was less than 5%. No 
correction for self-absorption was necessary since samples were 
plated at less than 0.1 mg per sq cm. 

The assay for hydroxymethylase activity was modified sim- 
ilarly. One umole of 5-hydroxymethydeoxycytidylic acid was 
used as the carrier and isolated as the deoxynucleoside. 

The specific activity of the enzymes when assayed by the 
carrier technique is defined as the units of activity per mg of 
protein. One unit of activity is the amount of enzyme which 
synthesizes 0.01 umole of product under the conditions of the 
assay. The amount of product synthesized was calculated from 
the equation: 79,000z = (1.00 + z)a; where 79,000 c.p.m. per 
umole is the specific activity of the formaldehyde, z is the amount 
of product synthesized, 1.00 umole is the amount of carrier added, 
and a is the specific activity of the nucleoside isolated. 

In experiments designed to estimate the upper level of the 
hydroxymethylase in uninfected cells by means of the carrier 
technique, an extract of uninfected strain B was found to have 
a specific activity of 0.0097 unit per mg of protein. This is in 
contrast to an extract of infected cells which had a specific ac- 
tivity of 8.8, or a minimum of 1000-fold increase in enzyme. 
The activity in uninfected strain B represented counts of 22 
c.p.m. per umole of hydroxymethyldeoxycytidine isolated. 
Since the nucleoside had been subjected to four chromatographic 
separations in each of which the specific radioactivity of the 
compound decreased significantly, it cannot be asserted that 
these counts were indeed in the nucleoside or associated with 
contaminating radioactive compounds. In any case this carrier 
experiment, effected with a 1.5-ml volume, had reduced the upper 
level of enzyme in uninfected cells 5-fold as compared with an 
experiment in which a direct assay experiment (5) had been 
scaled up 60-fold (30 ml) and the direct isolation of hydroxy- 
methyldeoxycytidylate had been attempted. The carrier tech- 
nique at the level of isotope used thus appears to be 100 times 
more sensitive than a direct isolation technique. 
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RESULTS 


Absence of Thymidylic Synthetase From 157- and B;-—Cul- 
tures of strains B, By-, and 15;- were grown in mineral medium 
containing glucose, and thymine for the mutant strains, and 
were harvested in the exponential phase of growth. Extracts 
were prepared as described earlier (5) and assays were run using 
the carrier method for detection of low activities. The results 
which are tabulated in Table I show that thymidylic synthetase 
activity could not be detected in 15;,-. This enzyme was demon- 
strated to be present in the parent strain 15 in an amount com- 
parable to that in strain B. On the other hand, strain By- does 
appear to have a small but significant amount of synthetase 
activity amounting to 2.5% of the activity of strain B. 

The presence of an inhibitor for thymidylic synthetase in ex- 
tracts of the thymineless strains could not be demonstrated in 
the course of mixing experiments (6). Freshly prepared extracts 
of Br-, 15r-, and B infected with T2 were mixed in 0.04 m phos- 
phate buffer at pH 7.0 and incubated for 10 minutes at 37°. 
The mixtures were chilled to 0° and assays for thymidylic syn- 
thetase were run on the mixtures with the direct plating method. 
The specific activities of the mixtures reported in Table II are 
calculated from the content of protein from the B-T2 extract 
only. The difficulty of assessing specific activities less than 1 
can be seen from the data for the extract of 15;- which lacks the 
synthetase. 

Virus-induced Appearance of Enzymes in Strain By-—In 
initial experiments, strain By- was grown or was multiply infected 
with T5 in a synthetic medium in the presence and absence of 
thymine. Ina typical experiment the organism did not multiply 
in the absence of thymine; quite the contrary, the organism ir- 
reversibly lost the power to multiply under these conditions, in 
a manner comparable to the death of strain 15;-. Unlike the 
latter, however, the culture of strain By- increased its turbidity 
some 3-fold under conditions in which the turbidity of a culture 
of strain 15,- increased 50% or at most doubled. 

In Fig. 1, it can be seen that DNA synthesis of the T5-infected 
organism follows comparable patterns in the presence or absence 
of thymine. In uninfected cells, DNA synthesis is much less in 
the absence of thymine than in the presence of the pyrimidine; 
indeed the small increment in DNA observed in the absence of 
thymine (reported in Fig. 1) was not found in other experiments 
of the same type. 

However strain Br- was observed to lyse fairly readily on 
washing and infection in synthetic media. Accordingly, sub- 
sequent experiments, particularly those on the enzyme content of 
infected cells, were performed in nutrient broth, since strain 
Br- grown and infected in this medium was far more sturdy. 

A broth culture of Br- in the exponential phase of growth, 
ie. at 3 * 10° cells per ml, was chilled and sedimented at 4°. 
The supernatant medium was used to resuspend the pellets at 
1.5 & 10° cells per ml. Three 100-ml aliquots were incubated 
for 10 to 15 minutes until the temperature reached 37°. Flask 
A contained uninfected cells and was the control: Flask B was 
infected with T5, and Flask C was infected with T2. Flask B 
was enriched with 10-* m Ca**. The bacteria were infected at 
a 4-fold multiplicity. Five minutes were allowed for adsorption 
at this higher concentration of phage and bacteria, and the cul- 
tures were then diluted with the supernatant medium in which 
the cells were grown. The dilution was made into the aerated 
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Taste I 
Levels of thymidylate synthetase in strains of Escherichia coli 


Specific activity (units 
Thymidine isolated enzyme activity/mg 
Strain protein) 
Complete | Less (UMP | Increment Increment 
c.p.m./smole 
B 1940.0 11.2 | 1929.0 1.00 
Br- 63.9 43 | 59.6 0.025 
157 3.8 3.7 | 0.1 0.00 
Taste Il 


Apparent absence of an inhibitor for thymidylic synthetase 
in extracts of Br- and 16r- 


Extracts tested 
Specific activity 

Protein* 

mE 
0.45 B-T2 10.8 
0.45 B-T2 + Br- 13.0 
0.45 B-T2 + 15r- 15.1 

Br- 0.3 

15r- 0.7 
0.90 B-T2 7.3 
0.90 B-T2 + Br- 6.6 
0.90 | B-T2 + 15r- 7.8 


* The amount of protein given is that present in each of the ex- 
tracts used. 


medium at 37° to minimize interruption of growth. The T2- 
infected culture was harvested 10 minutes after infection, the 
uninfected culture was harvested 5 minutes later, and the T5- 
infected cells were harvested at 25 minutes after infection. 
Harvesting consisted of a rapid chilling of the cells, which were 
then sedimented and washed in 0.85% sodium chloride. Ex- 
tracts were made and the assays were run the same day. A few 
minutes before harvesting, a 50-ml aliquot of each culture was 
transferred to a small flask and incubation continued. The 
course of DNA synthesis in these cultures is presented in Fig. 2. 
It may be noted that although DNA synthesis begins earlier in 
T2-infected cells, a markedly greater rate is attained in T5 
infection. 

Enzyme assays are shown in Part A of Table III. It can be 
seen that whereas T2 infection of strain By- induced the bio- 
synthesis of both deoxycytidylate hydroxymethylase (at least 
160 times the level in uninfected cells) and thymidylate synthe- 
tase (about 1000 times the level in uninfected cells), T5 infection 
induced a 1200-fold increment in the thymidylate synthetase 
alone. 

This experiment was repeated with T1 replacing T5 infection. 
The T1-infected cells were harvested 7 minutes after infection, 
T2-infected cells 10 minutes after infection, and the control 1 
minute later. Since no changes in the DNA content of the cul- 
ture could be detected before lysis of T1-infected cells, the num- 
ber of infectious centers and turbidity were used as indicators of 
infection. Immediately before harvesting, aliquots were re- 
moved and diluted to 3 x 10* cells per ml as in the previous 
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Fic. 1. DNA synthesis in thymine-free medium by strain Br- 
infected with T5. 
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Fig. 2. DNA synthesis in strain Br- grown in broth, and in- 
fected by T2 or T5 in this medium. Arrows indicate the time of 
preparation of extracts for enzyme assay. 


experiment. Turbidity and infectious centers in these flasks 


were checked. Within 20 minutes the number of infectious 
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Tas_e III 


Virus-induced enzyme production in strain Br- 


— 


Specific activities of 


Extracts | Thymidylate synthetase 
Complete | Increment | Complete 
A. Br- 0.017 0.0129 0.0044 0.065 0.073 
Br--T5 5.46 0.0078 | 5.5 0.036 
Br--T2 | 4.16 0.130 4.0 | 10.6 
B. Br- 0.0088 0.0055 0.0033 | 0.033 
Br—-T1 0.0083 0.0045 0.0088 | 
Br--T2 | 3.71 | 0.31 | 3.4 


9.17 0.34 


—— 


centers from the Tl-infected culture had increased 6 times over 
the amount used for infection. By 30 minutes, the turbidity 
was only 40% of the control, and by 65 minutes, lysis had com- 
pletely cleared the culture. 

The enzyme assays on the infected cells are shown in Part B 
of Table III. In this instance it is evident that T1 infection 
does not stimulate the biosynthesis of either enzyme. 


DISCUSSION 


Strain 15;- and strain By- appear to possess genetic deficien- 
cies which essentially eliminate thymidylate synthetase from 
these organisms. The appearance of a trace of activity in strain 
Br- has suggested the possibility that an inhibitor of the enzyme 
may be elaborated. However no excess of such a material can 
be detected in these organisms since extracts of the deficient 
organisms do not inhibit the synthetase elaborated in infected 
cells. 

Thus it is useful as a working hypothesis to imagine that in- 
fection does not merely activate the pre-existing dormant gene 
or eliminate the inhibitor. It may be supposed that viral infeec- 
tion replaces a genetic deficiency existing in the bacterial DNA 
by a viral genome which contains the polynucleotide sequence 
which controls the biosynthesis of thymidylate synthetase. In 
the case of T2, the genome contains several sequences, another 
being that for the hydroxymethylase. The latter sequence 
would presumably be lacking in T5 DNA, and T1 may be thought 
of as deficient in both sequences. 

If a specific polynucleotide sequence is essential for the syn- 
thetase, it may be noted that the synthetase may be elaborated 
in three quite different conditions: (a) in the normal organisms 
whose DNA contains cytosine, (6) in T2-infected cells in which 
the active genome contains glucosylated hydroxymethyleytosine, 
and (c) in T5-infected cells in which the active genome is pre- 
sumably viral DNA containing cytosine. Thus we may imagine 
at least two and possibly three chemically distinct DNA se- 
quences controlling the production of a single activity. It re- 
mains to be seen if these activities are associated with identical 
or different proteins. 


SUMMARY 


Thymine-requiring organisms either completely lack or are 
almost totally deficient in thymidylate synthetase. An isotope 
dilution technique has been employed for the assay of very small 
amounts of this enzyme, as well as the deoxycytidylate hydroxy- 
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methylase. On infection of thymine-deficient cells with T2, 

both enzymes increase by at least 1000-fold. On infection with 

T5, only the synthetase is produced, concomitant with the ac- 

quisition of the ability of such infected cells to make viral DNA. 

T1 is incapable of stimulating the synthesis of either enzyme. 
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Previous work has shown that the asymmetric triazine ana- 
logue of uridine, 6-azauracil riboside (azauridine), is a much more 
potent inhibitor of the growth of transplantable mouse tumors 
than is 6-azauracil (1,2). Presumably this difference in activity 
reflects the limited extent of the conversion of azauracil to 
azauridine in mammalian systems (3). On the other hand, 
formation of the 5’-phosphate ester from the ribonucleoside is 
rapid in neoplastic and normal tissues (4, 5). No polyphos- 
phates of azauridine have been detected in such systems. 

Two areas of pyrimidine metabolism have been postulated 
as the primary sites of action of azauridine or its metabolites. 
Elion et al. (6) have considered azauracil or its ribonucleoside 
to be antagonists of uracil anabolism, presumably at some stage 
between uracil and UTP. In support of this hypothesis, Skoda 
and Sorm (7) have demonstrated that azauridine competes to 
some extent with uridine as a substrate for the uridine kinase of 
Escherichia coli B. The nature of the other site of action is 
based on the observed accumulation of orotidine in certain 
tumors of animals which have received azauridine (8). This 
would indicate an interference with the metabolism of orotic 
acid, rather than of uracil. Furthermore, incorporation of 
orotic acid into the nucleic acids of L-5178-Y lymphoma and 
adenocarcinoma-755 in mice was depressed by azauridine; 
uridine incorporation was unaffected. When a_particle-free 
supernatant fraction of tumor was incubated with orotic acid 
in the presence of azauridine, orotidine 5’-phosphate (orotidylic 
acid) accumulated, whereas the metabolism of neither uracil nor 
uridine was altered by azauridine or azauracil (5). Consistent 
with an interference in orotic acid metabolism was the isolation 
of orotic acid and orotidine from the urine of animals treated 
with azauracil or its ribonucleoside by Habermann and Sorm 
(4). The present paper details the nature of the biochemical 
effects observed and previously reported in preliminary notes 
(5, 8). 
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EXPERIMENTAL PROCEDURE 
Materials 

The Squibb Institute for Medical Research generously supplied 
azauracil and prepared azauridine by a modification (9) of the 
method of Skoda et al. (10). Orotidine 5’-phosphate was ob- 
tained from azauracil-inhibited Escherichia coli cultures (9), and 
orotidine was prepared from it by digestion of 8.9 mm orotidylic 
acid with alkaline phosphatase (Worthington Biochemical 
Corporation, 7.1 mg per ml) in the presence of 10.8 mm MgCl, 
and 36.0 mm glycine buffer, pH 10.0, for 3 hours at 37°. The 
product was purified by ion exchange chromatography on a 
column of Dowex 1-X4 (formate form; 200 to 400 mesh), with 
ammonium formate as eluent (11). Removal of ammonium 
ions was achieved by readsorption on to Dowex 1-X4 and elution 
with 3 Nn formic acid. Repeated evaporation at 35° under 
reduced pressure followed by lyophilization yielded orotidine 
free from ammonium formate or formic acid. The synthesis of 
azauridine-2-C™ (10) was carried out with azauracil-2-C™ kindly 
prepared by Dr. P. K. Chang (12). Orotic acid-4-C", orotic 
acid-7-C™, and uridine-5,6-H* were obtained from the New 
England Nuclear Corporation. 

The mouse leukemias L-5178-Y and L-1210 were carried by 
weekly passage in DBA/2 mice and allowed to grow for 7 days 
as subcutaneous lymphomas in AKR X DBA/2 hybrid mice for 
biochemical studies. Sarcoma-1S80 was carried in Swiss-Webster 
female mice and experiments were performed on tumors obtained 
7 days after subcutaneous implantation of a | mm® piece of tissue 
by trochar. The C3H black mice bearing adenocarcinoma-755 
were kindly supplied by Dr. G. H. Hitchings. 


Methods 


Mice were killed by cervical dislocation or by decapitation. 
In studies with intestine, approximately 10 cm of gut distal to 
the pyloric sphincter were removed. Tissues used for acid- 
soluble extracts were rinsed in cold 0.9% sodium chloride solu- 
tion, blotted, weighed, and homogenized in 9 volumes of cold 
5% trichloroacetic acid or 0.5 m perchloric acid and the extrac- 
tion was repeated with 4.5 volumes of the acid. Perchloric acid 
was removed by precipitation with 6 nN KOH (pH 8.5: 0°); 
trichloroacetic acid was removed by extraction with diethyl! 
ether. The acid-soluble fraction was passed through columns 
of Dowex 1-X4 (formate form; 200 to 400 mesh) at pH 8.5 and 
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these were subjected to gradient elution with ammonium formate 
(11); the absorption at 260 my and the radioactivity of the eluted 
fractions were determined. Solutions of the eluted compounds 
were passed through columns of Darco 20-40 (1 to 5 ml) and 
these were washed with water to remove inorganic ions. The 
materials were then eluted with 50% ethanol containing 2.5% 
concentrated NH,OH, and the eluates were concentrated under 
reduced pressure below 35° to provide aqueous solutions. Fur- 
ther purification was achieved by paper chromatography in 
butanol-acetic acid-water (50:10:25) and in sodium acetate 
(0.5 m; pH 4.5)-ethanol (65:35). 

When incorporation into the nucleic acids was investigated, 
the residues from the first extraction with acid were each re- 
extracted three times sequentially with 60 volumes of 5% 
trichloroacetic acid, 60% ethanol, 95% ethanol, ethanol-ether 
(3:1), and ether. The dried, defatted residues were weighed 
and extracted twice with 5% trichloroacetic acid at 100° for 
15 minutes. 

Particle-free preparations were made by homogenizing tissue 
in 4 volumes of cold 0.25 m sucrose (pH 7.2) with a Teflon 
homogenizer and centrifuging for | hour at 105,000 x g in a 
Spinco refrigerated centrifuge. Studies on the metabolism of 
orotic acid, orotidylic acid, uridine, azauracil, and azauridine 
by the enzymes of these supernatant fractions were performed 
in the medium of Stone and Potter (13), modified to contain 
0.33 mm ATP, 2 mm ribose-5-P, 3.3 mm KH,PO,, 5 mm MgCl, 
and 6.7 mm K-phosphoglycerate, in a final volume of 3 ml, pH 
7.2. The reaction was stopped after 90 minutes and the incuba- 
tion mixture analyzed by chromatography on 5-ml Dowex 1-X4 
(formate form) columns, as described by Stone and Potter (13). 
Elution was begun with three 10 ml portions of 0.1 N formic acid 
in order to remove uracil, azauracil, uridine, and azauridine (9), 
before elution with 3 N formic acid was carried out. The 3 N 
fraction was analyzed further in order to distinguish orotic acid 
from UMP and orotidine; duplicate incubations with orotic 
acid-4-C™ and orotic acid-7-C™ facilitated the identification of 
orotic acid derivatives in the presence of those of uracil. 

Experiments designed to measure nucleoside phosphorylase 
activity with a spectrophotometric assay (14, 15), were carried 
out with particle-free supernatant fractions from various tissues. 
Orotidylic acid decarboxylase activity in such fractions was also 
measured spectrophotometrically (16). A yeast autolysate was 
used to obtain active preparations, free of decarboxylase activity, 
of the enzyme which condenses orotic acid and ribosylpyrophos- 
phate 5-phosphate; the reaction rate was determined spectro- 
photometrically (16). 

Tissue extracts and all tritium-labeled fractions were assayed 
for radioactivity by counting, in a Technical Measurement 
Corporation liquid phosphor counter, aliquots of 0.05 to 0.4 ml 
in 10 or 20 ml of a toluene-absolute ethanol (2:1) mixture con- 
taining, per liter, 2.7 g of 2,5-diphenyloxazole and 33 mg of 
| .4-di-(2-(5-phenyloxazole))-benzene (17). The radioactivity 
of fractions from ion exchange chromatograms that contained 
C™ was determined by drying 0.1 to 0.5 ml aliquots on stainless 
steel planchets for 45 minutes at 100° and counting in a Nuclear- 
Chicago gas flow automatic sample-changing counter. Radio- 
active areas on paper chromatograms were measured with a thin 
window Geiger-Mueller probe. Pyrimidine bases were identified 
by digestion of the derivatives with 70% perchloric acid at 100° 
for | hour, followed by neutralization with 6 nN KOH and chroma- 
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tography in the butanol-acetic acid system and with HCI (6 n)- 
isopropanol (34:66). Pentose (18), phosphate (19), and cis- 
glycol groupings (20) were determined by the usual procedures. 
Ultraviolet absorption was determined in a Beckman model DU 
spectrophotometer and spectra were obtained with a Perkin- 
Elmer Spectracord. All data quoted in this paper are the mean 
values calculated from two or more experiments. 


RESULTS 


Metadolism of 6-Azauridine—A comparison of the tissue 
distributions of therapeutic doses of azauracil-2-C™ (44 ymoles) 
and azauridine-2-C™ (2 ymoles) was made with mice bearing 
L-5178-Y tumors. Fig. | shows that azauridine is much more 
rapidly concentrated in and eliminated by the kidneys than is 
azauracil. This result has been confirmed by the finding that 
azauridine, but not azauracil, is secreted by the renal tubules 
of the hen (21). The blood-brain barrier, on the other hand, 
appears to be much less permeable to the ribonucleoside than 
to azauracil (Fig. 1). 

The metabolic fate of azauridine in tissues was studied by ion 
exchange chromatography of acid-soluble extracts obtained at 
various times after intraperitoneal administration of azauridine- 
2-C™; only one metabolite other than unchanged azauridine was 
detected. This was shown to be azauridine 5’-phosphate by 
cochromatography with a synthetic sample. The amounts of 
ribonucleotide formed from azauridine after 3 hours are shown 
in Table I; determinations made at 30 minutes indicated that 
even at this time at least 30% of the radioactivity was in the 
form of azauridylic acid. The conversion of the ribonucleoside 
to its 5’-phosphate ester also could be demonstrated with soluble 
enzyme preparations from tumors and liver (Table II). In this 
system azauridine is a weaker inhibitor of the uridine phospho- 
kinase than is uridine of the phosphorylation of azauridine. 

The phosphorolysis of azauridine was compared with that 
of uridine in preparations from L-5178-Y, S-180, and liver. 
The formation of uracil by dialyzed particle-free supernatant 
fractions was measured spectrophotometrically (14, 15) and con- 
firmed by the isolation of tritiated uracil after incubation with 
uridine-5 ,6-H*. The rate of phosphorolysis of azauridine was 
determined spectrophotometrically or by liberation of radioactive 
azauracil from azauridine-2-C™. In these preparations the 
phosphorolysis of azauridine was negligible and that of uridine 
was unaffected by equimolar concentrations of azauridine; at 
higher levels of azauridine minor inhibition of the latter reaction 
became apparent. 

Effects of 6-Azauridine on Pyrimidine Metabolism—In order 
to locate possible sites of inhibition by azauridine, a study of the 
metabolism of orotic acid-4-C™ and uridine-5,6-H*® was carried 
out with animals which had received a prior injection of azauri- 
dine (Table II1]). Incorporation of orotie acid-C™ into the 
nucleic acids of liver, intestine, and tumor was markedly de- 
pressed, whereas the incorporation of uridine-5,6-H* was un- 
affected, or even stimulated by azauridine. Similar results were 
obtained with animals bearing adenocarcinoma-755. 

When the acid-soluble fraction of L-5178-Y tumors, the growth 
of which had been inhibited by treatment with azauridine for 
6 days, was investigated by ion exchange chromatography, an 
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Fig. 1. Distribution of intraperitoneally injected azauracil- 
2-C' and azauridine-2-C'™ (2 K 10° ¢.p.m./20 g mouse) in ther- 
apeutic doses. Ordinate shows ywmoles of total azauracil and 
azauridine metabolites, calculated on basis of recovered radio- 
activity in liver, @ @; kidney, X—~—X; L-5178-Y tumor, 
O——O and brain, @—~8. 


abnormal ultraviolet-absorbing component was detected (Fig. 
2). This was the major component to become labeled after 
intraperitoneal injection of orotic acid-7-C™ (6 umoles) 10 hours 
before removal of the tumor and constituted 0.15% of the ad- 
ministered radioactivity. The compound was further purified 
as described under “Methods” and was characterized by its 
spectrum and content of pentose and cis-glycol groupings as 
orotidine, the ribonucleoside of orotic acid. A second radio- 
active peak (Fig. 2) was identified as unchanged orotic acid. 
Up to 30% of the ultraviolet absorption at 260 my of these 
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I 
Conversion of azauridine to azauridine 5'-phosphate in vivo 
Tumor-bearing mice (20 g) were given an intraperitoneal injec- 
tion of azauridine-2-C'* (2 ywmoles) and killed after 3 hours. 
Cold acid-soluble extracts of the pooled tissues from two animals 
were chromatographed on columns of Dowex 1-X4 (formate form) 
to resolve the radioactive components. 


— — 


| Azauridine S’- phosphate 


Tissue Azauridine 
| radioactivity 
Liver | 27 | 73 
L-1210 18 | 82 
L-5178-Y 48 | 52 
S-180 28 | 72 


Taste II 
Formation of nucleotides of uridine and azauridine in vitro 


The particle-free supernatant fraction of L-5178-Y tumor (0.8 
ml) was incubated and analyzed as described under ‘‘Methods.”’ 


| Labeled | Labe 

| Unchanged ribo- 

ono- 

| nucleoside 
Uridine-5,6-H? (0.3 38 | 32 29 
+ azauridine (0.3 umole)........ 33 33 | 34 
(3.0 pmoles)..... | 5A | 19 27 
Azauridine-2-C™ (0.3 21 | 79 0 
+ uridine (0.3 wmole)........... _ | 59 0 
(3.0 wmoles)....... | 93 | 7 | 0 

Tasce III 


Incorporation of orotic acid and uridine into 
nucleic acids of mouse tissues 

Two groups of mice (20 g each) bearing L-5178-Y lymphomas 
were given intraperitoneal injections of orotie acid-4-C'* (10 
pmoles, 1 X 10° ¢.p.m.) or uridine-5,6-H*® (10 wmoles, 6 K 16 
c.p.m.) and killed after 4 hours. Radioactivity in nucleic acids 
was determined as described under ‘‘Methods.’’ The treated 
group had received an intraperitoneal injection of azauridine (10 
umoles) 1 hour before administration of the isotopically labeled 
compound. 


Uridine-5,6-H# administered 


| Orotic acid-4-C™ administered 


| Aza  Azauri- 
Controls dine- Change Controls dine- Change 
treated trea 
efatied tissue efatted tissue 
Liver | 103 | @ -72 | 16 | 19 +19 
Intestine 68 14 —79 | 75 SO +7 
Tumor 107 32 —70 5 | 89 +59 
acid-soluble extracts could be attributed to oe L-1210 


lymphoma, sarcoma-180, and adenocarcinoma-7 the growth 
of which had been inhibited by azauridine, likews ise contained 
large amounts of orotidine. Liver, kidney, and uninhibited 


tumors did not contain detectable amounts of this ribonucleoside. 

A system similar to that of Stone and Potter (13) for measuring 
the conversion of orotic acid-4-C"™ to C'-uridine polyphosphates 
by a particle-free supernatant of liver homogenate was found to 
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Fic. 2. Ion exchange chromatogram of cold acid-soluble ex- 
tracts of L-5178-Y tumors from control and azauridine-treated 
DBA mice. Ten hours before they were killed all animals re- 
ceived an intraperitoneal injection of orotic acid-7-C™ (6 wmoles, 
3X 10° e.p.m./20 g mouse). The growth of the tumor was in- 
hibited 80°, by azauridine in this experiment, but equal weights 
of tumor tissue (S20 mg) were extracted in each case. The chro- 
matogram was developed by gradient elution with ammonium 
formate on Dowex 1 columns (11). The volume of each fraction 
was 12 ml; the arrow indicates the start of the elution with 4 N‘ 
ammonium formate. Radioactivity is indicated by shaded areas. 


convert orotic acid to UTP by an L-5178-Y tumor supernatant 
fraction (Table IV). Both azauridine and azauridylic acid, at 
concentrations one-tenth that of orotic acid, were observed to 
interrupt the metabolism of orotic acid and to cause an accumula- 
tion of orotidylic acid; azauracil was without effect. It should 
be emphasized that the concentrations of azauridine needed to 
obtain inhibition of the anabolism of either uracil (5) or uridine 
(Table IL) were 10- to 100-fold greater than those required for 
the inhibition of orotic acid metabolism. Inhibition by azauri- 
dine and the 5’-phosphate ester of the metabolism of orotic acid, 
as opposed to that of uridine, was obtained also with extracts of 
L-1210, sarcoma-180O, and adenocarcinoma-755. The level of 
added ATP, which was maintained throughout incubation by 
the addition of phosphoglyceric acid, was unaffected by the 
presence of any of these inhibitors. Aerobie and anaerobic 
glveolvsis of L-5178-Y ascites cells were not depressed signifi- 
cantly by azauracil or its ribonucleoside at concentrations as 
high as 10 mm. Inhibition of the common reactions of energy 
transfer may thus be ruled out as possible sites of action of 
azauridine. 

To determine whether the orotidine that accumulated in 
tumors inhibited by azauridine arose from breakdown of oro- 
tidvlie acid, as would be suggested by the results of Table IV, 
or whether it was a product of a direct reaction between orotic 
ackl and ribose l-phosphate, the following experiments were 
carried out. First, the ability of orotidine to act as a substrate 
for uridine phosphorylase was measured. No conversion of 
orotidine to orotic acid was detected in tumor or liver extracts 
shown to contain uridine phosphorylase. Accordingly, it is 
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Taste lV 
Conversion of orotic acid to uridine 5'-triphosphate in vitro 
The particle-free supernatant fraction of L-5178-Y tumor (0.2 
ml) was incubated and analyzed as deseribed under ‘‘Methods.”’ 
Orotie acid-4-C™ (3 & 10° e.p.m.) was added as indicated. 


phate phosphate 
Orotie acid (0.3 pmole). . 41 53 
+ azauracil (0.3 pmole) 35 l 59 
(3.0 pmoles) 3 57 
+ azauridine (0.003 umole) 58 i) 30 
(0.03 wmole) .. 63 

+ azauridine 5’-phosphate | | 

(0.003 gmole).. 47 40 
(0.03 pmole).. ot 19 | 13 


* At least 85% of the radicactivity j in . this fraction was 9 present 
as orotic acid; under some conditions minor amounts of orotidine 
and uridine 5’-phosphate were detected. 


TaBLe V 
Effect of orotidine and orotidine 5'-phosphate on metabolism of 
orotic acid in vitro 
_ The experimental procedure was the same as in Table IV. 


Synthesized uridine 5’-triphosphate 


Added | Specific 
radioactivity activity 
| c.p.m. 
Orotie acid-4-C™ (0.3 pmole; 3 
10° e¢.p.m.).. 7 650 
+ orotidine (3. pansion) 79 S10 
+ orotidine 5’-phosphate (3.0 


unlikely that the reverse reaction of orotic acid to orotidine would 
be of major significance. Second, orotidine was shown not to 
enter any radioactive pool during the conversion of orotic acid- 
4-C™ to C'-uridine phosphates, since no dilution of the radio- 
activity of synthesized UTP was observed when orotidine was 
added to the incubation mixture (Table V); also, orotidine 
isolated at the end of this reaction had not become radioactive. 
On the other hand, when orotidylic acid (1.7 mM) was incubated 
with the supernatant fraction of L-5178-Y tumor (as described 
under “‘Methods’’) in the presence of azauridylic acid (0.17 mM) 
the following products were isolated and characterized by 
ultraviolet absorption: orotidine, 70%; unchanged orotidylic 
acid, 24%; uracil and uridine, 6%; orotic acid, less than 1%. 
Orotidylic acid incubated with orotic acid-4-C™ in the absence 
of azauridylic acid became labeled and was further metabolized 
to UTP-C™ (Table V). Thus, it appears likely that the oro- 
tidine which accumulated in inhibited tumors arose as the result 
of the action of phosphatases on orotidylic acid and not from 
orotic acid. 

A partially purified yeast enzyme (16) was used to measure 
the effect of azauridine on the conversion of orotic acid to oro- 
tidine-5’-P, and the decarboxylation of the latter to UMP was 
studied with both yeast and L-5178-Y tumor enzymes. Pyro- 
phosphorolysis of orotidylic acid was unaffected by azauracil, 
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Fic. 3. Decarboxylation of orotidine 5’-phosphate. The high- 
speed supernatant fraction of L-5178-Y tumor (0.2 ml) was in- 
cubated in tris(hydroxymethyl)aminomethane buffer (0.03 m; 
pH 8.0) with orotidine 5’-phosphate (5 K 10-5 m) at 25°. The re- 
action rate was determined by changes in Aogsms. The following 
additions were made: control, O——O; azauridine (5 X 10-5 o), 
azauridine 5’-phosphate (2 X 10-* m), @——@;; azauri- 
dine 5’-phosphate (1.3 K 10-° m), 


azauridine, or azauridylic acid at a concentration 10-fold greater 
than that of orotidylic acid, whereas decarboxylation of this was 
inhibited 50% by azauridine-5’-P at 2 wm. Azauridine was 
without effect on this enzyme (Fig. 3). 


DISCUSSION 


The major radioactive compound in the urine of human sub- 
jects and mice after injection of azauridine-2-C™ is unchanged 
azauridine (95%), with less than 1% present as azauracil.2_ The 
azauracil-ribose linkage thus appears to be metabolically stable 
in vivo. This result is presumably a reflection of the low degree 
of phosphorolysis of azauridine that is observed with partially 
purified enzymes from liver and several tumors. The synthesis 
of ribonucleoside from azauracil also occurs at a negligible rate, 
as evidenced by the ineffectiveness of azauracil as an inhibitor 
of orotic acid metabolism in the soluble enzyme system (Table 
IV). Likewise, in whole animals azauracil is poorly converted 
to azauridine? and is a much weaker inhibitor of experimental 
neoplasms than the ribonucleoside (1, 2). In contrast to these 
results is the observation that azauridine is readily converted 
to azauridylic acid in vivo (Table I) and in vitro (Table II). 
Skoda and Sorm (7), working with cell-free extracts of E. coli 
B, also have described the phosphorylation of azauridine to its 
5’-phosphate ester by ATP and inhibition of this reaction by 
uridine; it is interesting to note that in mice, the 5’-monophos- 
phate ester appears to be the only metabolite formed from 
azauridine, whereas in bacteria, higher phosphorylated deriva- 
tives are formed (7) and indeed predominate.! 

The marked inhibition of orotic acid incorporation into the 
nucleic acids of various mouse tissues by azauridine (Table IIT) 
and the accumulation of orotidine (Fig. 2) in tumors of mice 
given azauridine for 6 days, point to an interference with the 


2 R. E. Handschumacher and R. J. Davis, unpublished results. 
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metabolism of orotic acid as a primary locus of action of aza- 
uridine or its metabolites. This, of course, is not contradictory 
to the findings of Elion et al. (6), which indicate that both uracil 
and uridine are good antagonists of the toxicity of azauracil for 
adenocarcinoma-755. If cessation of tumor growth is indeed due 
to an interruption of nucleic acid or pyrimidine coenzyme 
synthesis at the stage of orotidylic acid decarboxylase (Table 
IV), any pyrimidine nucleotide precursor such as uracil or 
uridine which circumvents this reaction should be a potential 
reversing agent. In fact, as indicated in Table III, uridine is 
incorporated into nucleic acid better in the presence of azauridine 
than in its absence. Orotidine has also been noted in the urine 
of mice treated with azauridine by Habermann and Sorm (4); 
this and the present isolation of orotidine appear to constitute 
the only reports of its occurrence in animal tissues. Michelson 
et al. (22) have isolated orotidine from the mycelium of a Neuro- 
spora crassa mutant, and it would be interesting to determine 
whether this mutant, like animal tissues treated with azauridine, 
lacks the ability to decarboxylate orotidylic acid. The orotidine 
which is formed in tumors of animals treated with azauridine 
appears to result from phosphatase action on orotidine-5’-P 
which accumulates upon inhibition of the decarboxylase enzyme. 
The reason why orotidine is not found in the liver or kidney of 
mice treated with azauridine is not clear; a higher rate of nucleo- 
tide turnover in tumor, or a more efficient removal of orotidine 
from liver and kidney may be the cause. In view of the meta- 
bolic stability of orotidine in extracts of tumor and liver, it is 
not surprising that any orotidine formed in these tissues should 
be excreted as such in the urine (4). 

Interference with orotic acid metabolism by a derivative of 
azauridine is further indicated by the fact that the evolution of 
CO; from orotic acid-7-C™ in the presence of L-1210 tumor slices 
is inhibited by azauridine (5). In a soluble enzyme system, 
azauridine and its 5’-phosphate ester interrupt synthesis of UTP 
from orotic acid at the stage of orotidine 5’-phosphate (Table 
IV), whereas metabolism of uridine to UTP is unaffected by 
higher concentrations of these inhibitors (Table II). Identifica- 
tion of azauridine 5’-P as the actual inhibitor was achieved by 
studying the decarboxylation of orotidylic acid in an unfortified 
reaction mixture (Fig. 3). The concentration of azauridylic 
acid found in tumors after injection of therapeutic amounts of 
azauridine was calculated to be adequate to explain the marked 
inhibition of orotic acid metabolism observed. Thus, all evi- 
dence is consistent with the view that azauridine, after conversion 
to the 5’-phosphate, interrupts pyrimidine nucleotide formation 
by specific inhibition of the enzyme orotidylic acid decarboxylase. 
It may be pointed out that L-5178-Y lymphoma and sarcoma- 
180, in contrast to Ehrlich ascites carcinoma (15), do not ap- 
pear to possess very much higher levels of uridine phosphorylase 
than liver. Thus, utilization of uracil rather than of orotic acid 
for the synthesis of pyrimidine nucleotides would not be ex- 
pected to predominate to any marked extent in these tumors; 
this may explain why the interruption of the metabolism of 
orotic acid leads to a depression of tumor growth. 


SUMMARY 


The metabolism of 6-azauridine in vivo and in vitro by liver 
and L-5178-Y lymphoma results in the formation of 6-azauridine 
5’-phosphate as the only detectable metabolite. Incorporation 
of orotic acid into the nucleic acids of liver, intestine and L- 
5178-Y lymphoma and adenocarcinoma-755 in vivo is depressed 
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by 6-azauridine, whereas the incorporation of uridine is in- 
creased. Experimental tumors in mice, the growth of which 
has been inhibited by the continued administration of 6-aza- 
uridine, accumulate large amounts of orotidine. The metab- 
olism of orotic acid by soluble enzyme preparations from L- 
5178-Y tumor is inhibited by 6-azauridine and its 5’-phosphate 
ester, an effect which leads to the accumulation of orotidylic 
acid; however, uracil and uridine metabolism are unaffected by 
similar concentrations of 6-azauracil or 6-azauridine. Orotidine 
is not metabolized by such extracts, but orotidylic acid breaks 
down to orotidine in the presence of inhibitory concentrations of 
§-azauridine 5’-phosphate. This unnatural ribonucleotide, un- 
like 6-azauracil or its ribonucleoside, inhibits orotidylic acid 
decarboxylase. These results suggest that inhibition of oro- 
tidylic acid decarboxylase, caused by 6-azauridine 5’-phosphate, 
is the primary biochemical lesion responsible for the retardation 
of tumor growth when 6-azauridine is administered. 
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In 1957 Heidelberger et al. (1) described a new class of pyrimi- 
dine antimetabolites in which a fluorine atom replaced the hy- 
drogen on position 5 of the pyrimidine ring. Of these, 5-flu- 
orouracil and 5-fluoroorotic acid markedly inhibited the growth 
of several animal tumors and have shown promising results in 
the treatment of malignancies in human beings (2). Biochem- 
ical studies with various normal and neoplastic tissues have re- 
vealed that these compounds may be incorporated into acid 
soluble nucleotides and ribonucleic acid and that they block the 
conversion of uracil and orotic acid into deoxyribonucleic acid 
thymine and ribonucleic acid uracil (3, 4). 

The studies of Lieberman et al. (5) have demonstrated the 
pathway in yeast by which UMP is synthesized from orotic 
acid: 

orotidylic 
pyrophosphorylase 


(1) 


Orotic acid + PP-ribose- P 
orotidine 5’-phosphate + pyrophosphate 


orotidylic 
decarboxylase 


Orotidine 5’-phosphate + UMP + CO, (2) 


The marked decrease in absorbancy at 295 my which occurs as 
orotate is converted to UMP offers a sensitive spectrophoto- 
metric method for examining these reactions. 

In view of these findings it was of interest te determine whether 
5-fluoroorotic acid and other 5-substituted orotic acids could 
serve as substrates for the yeast orotidylic pyropkosphorylase 
system. It was hoped that such studies would contribute to 
the understanding of the mechanisms of action of these drugs. 
A preliminary report of this work has been presented (6). 


EXPERIMENTAL 


Materials 


Orotic acid was purchased from the California Foundation for 
Biochemical Research. 5-Fluoroorotic acid, 5-fluorouracil, and 
5-fluorouridine were kindly furnished by Dr. Charles Heidel- 
berger. 5-Bromoorotic acid and 5-methylorotic acid were pre- 
pared by Lederle Laboratories, 5-chloroorotic acid by Merck and 
Company; all were gifts of Dr. Van R. Potter. 5-Nitroorotic 
acid and 5-aminoorotic acid were gifts of the Sigma Chemical 
Company. ATP (crystalline disodium salt) was purchased from 
the Pabst Laboratories. PP-ribose-P was prepared as previously 
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described (7). The PP-ribose-P used in the kinetic and cofactor 
studies was generously furnished by Pabst Laboratories. The 
magnesium salt of PP-ribose-P was converted to the potassium 
salt by passage through a Dowex 50 K* column. Disodium 
ethylenediaminetetraacetate was a Fisher reagent grade chem- 
ical. All other chemicals were of the highest grade of purity 
commercially available. 


Enzyme Preparations 


Inorganic pyrophosphatase was partially purified from bakers’ 
yeast by ammonium sulfate fractionation as described by Heppel 
and Hilmoe (8). The preparation used hydrolyzed 6.7 umoles 
of pyrophosphate per minute per ml of enzyme. The prepara- 
tion also contained orotidylic decarboxylase. 5’-Nucleotidase 
was obtained from rattlesnake venom and purified according to 
the method of Hurst and Butler (9). The preparation used 
liberated 0.6 umole of orthophosphate from AMP per ml of 
enzyme per minute at 37°. 

The enzymes for preparing 5-fluorouridine 5’-phosphate from 
5-fluoroorotic acid were obtained from washed, dried brewers’ 
yeast generously provided by the Fauerbach Brewing Company. 
The enzymes were partially purified through the ethanol fraction 
of the procedure of Lieberman et al. (5); this fraction contained 
both orotidylic pyrophosphorylase and orotidylic decarboxylase. 

Yeast orotidylic pyrophosphorylase was found to be very un- 
stable in the presence of ethanol. Although as much as 80% of 
the enzyme was lost in the ethanol fractionation, the enzyme was 
found to be very stable in the presence of methanol. Therefore 
the orotidylic pyrophosphorylase used in the kinetic and cofactor 
studies was purified as described by Lieberman et al. (5) with 
the following modification replacing the ethanol fractionation 
step: Methanol (—10°) was added slowly to the yeast extract 
until it comprised 40% of the volume of the solution. The 
temperature of the solution was lowered to —10° and the in- 
soluble material was removed by centrifugation at 10,000 x g 
for 10 minutes. Calcium phosphate gel was added directly to 
the resulting supernatant solution at 0° to adsorb most of the 
enzymatic activity. The Al(OH), gel eluate used in the cofactor 
and kinetic studies was purified about 14-fold compared to the 
starting yeast extract with a recovery of approximately 40%. 


Enzyme Assay 


The enzymatic assay was similar to that of Lieberman et al. 
(5) with the exception that 5-fluoroorotate was used as the sub- 
strate. In order to avoid product inhibition all assays of oro- 
tidylic pyrophosphorylase activity as well as the kinetic and 
cofactor studies were performed in the presence of excess oro- 
tidylic decarboxylase and inorganic pyrophosphatase. 
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The conversion of 0.1 umole of 5-fluoroorotate to 5-fluorouri- 
dine 5’-phosphate causes a decrease in ODogs of 0.380 (Fig. 1). 
This reaction was used both to measure PP-ribose-P concentra- 
tions and to follow the rate of formation of 5-fluorouridine 5’- 
phosphate. One unit of enzyme was defined as the amount 
causing the removal of 1.0 umole of 5-fluoroorotate per hour at 
37°. 

Determinations 


lon exchange chromatography, spectrophotometry, and the 
chemical determination of phosphate concentrations were per- 
formed as previously described (7). The fluorinated pyrimidine 
derivatives were separated by paper chromatography with am- 
monium acetate-ethanol (10) and ammonium isobutyrate-iso- 
butyric acid (11) solvent systems. All spectrophotometric 
determinations were carried out in a Beckman model DU spec- 
trophotometer with a photomultiplier attachment. 

Magnesium ion concentrations were determined in two ways: 
by titration with disodium ethylenediaminetetraacetate with 
Eriochromeschwartz T as indicator (12), and colorimetrically 
with titan velléw indicator (13). 


RESULTS 
Preparation and Isolation of 5-Fluorouridine 5'-Phosphate 


It was found that the incubation of 5-fluoroorotate with PP- 
ribose-P in the presence of an ethanol fraction of yeast autolysate 
resulted in the formation of 5-fluorouridine 5’-phosphate as in 
Equations 1 and 2 above. The nucleotide was formed in essen- 
tially quantitative yields with respect to either PP-ribose-P or 
5-fluoroorotate. 

The incubation mixture (3 liters) contained 1.2 mmoles of 
5-fluoroorotic acid; 1.2 mmoles of PP-ribose-P (magnesium salt) ; 
150 mmoles of Tris-HCl buffer, pH 7.3; 15 mmoles of MgCl.; 
10 ml of inorganic pyrophosphatase; 950 units of enzyme from 
the ethanol fraction of veast autolysate. After being incubated 
for 2 hours at room temperature, the incubation mixture was 
heated at 95° in a boiling water bath, maintained above this 
temperature for 5 minutes, immediately cooled, and filtered to 
remove the residue. The residue was resuspended in 200 ml of 
distilled water and filtered. The filtrates were pooled and placed 
on a Dowex 1-formate column (18 em X 3 cm’, 200 to 400 mesh, 
10% cross-linked) at a rate of 4 ml per minute. The column was 
washed with 250 ml of 0.1 m formic acid and the 5-fluorouridine 
5’/-phosphate was eluted with 56 resin bed volumes of 0.5 m for- 
mic acid at a rate of 5 ml per minute. The nucleotide was ad- 
sorbed on a column (9 em X 3 em*) that contained a mixture of 
equal amounts of Celite and Darco G-60. The charcoal column 
was washed with 250 ml of 0.1 m formic acid and the nucleotide 
was eluted with a solvent system of 50% ethanol and 3% NH,OH. 
The eluate was evaporated in a vacuum at room temperature. 
to a volume of 30 ml and adjusted to pH 10 with 1 m NH,OH. 
The nucleotide was precipitated by the addition of 15 mmoles 
of BaCl, and 4 volumes of cold ethanol. The barium salt of 
5-fluorouridine 5’-phosphate was redissolved in 30 ml of 0.1 N 
HCl, adjusted to pH 9.0 with 1 ma NH,OH, reprecipitated with 
ethanol, and dried in a vacuum after washing with ethanol and 
ether. This procedure resulted in the isolation of approximately 
800 umoles of the barium salt of 5-fluorouridine 5’-phosphate. 
This was converted to the free acid by passage through a Dowex 
50-H* column, lyophilized, and stored as a dry powder at —15°. 
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Fic. 1. Comparison of the spectra of 0.1 umole per ml of 5-fluo- 
roorotic acid and 5-fluorouridine 5’-phosphate. The measure- 
ments were made at pH 7.4. 


Characterization and Properties of 5-Fluorouridine 5'-Phosphate 

Treatment of 3.0 umoles of 5-fluorouridine 5’-phosphate with 
5’-nucleotidase caused the liberation of approximately 3.0 umoles 
of orthophosphate demonstrating that the phosphate is on the 
5’-position. When the reaction mixture was submitted to paper 
chromatography in an ethanol-ammonium acetate system a 
single ultraviolet absorbing spot was detected with an Ry value 
of 0.90 corresponding to that of the riboside, 5-fluorouridine. 
In this solvent system 5-fluorouridine 5’-phosphate migrates 
with an Ry of 0.47. The ultraviolet absorbing spot when eluted 
was found to have an ultraviolet spectrum identical with that 
of 5-fluorouridine (14). 

Fig. 2 shows the ultraviolet spectra of 5-fluorouridine 5’-phos- 
phate which agree closely with those reported by Duschinsky 
et al. (14) for 5-fluorouridine. 


Substrate Specificity 


When orotic acid and 5-fluoroorotic acid were compared as 
substrates for the orotidylic pyrophosphorylase reaction they 
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Fic. 2. Ultraviolet absorption spectra of 5-fluorouridine 5’- 
phosphate (0.054 umole per ml). O, 0.1 mM potassium phosphate 
buffer, pH 7.4; O, 0.1m HCI]; @, 0.1 wm KOH. 


“\ 
/ | 
\ | 
/ \ | 
\ | 
| \ 
/ \ | 
\ 
/ \ 
Gas 
or / \ | 
he \ / \ 
/ 
m \ 
5-FLUOROOROT IC \ 
m ACID \ 
n- \ 
ty \ 
rs’ 
es | 
se 
to 
of 
m 
we 
m | 
d | 
h- 
of 
is 
re 
| 
m 
| 
1e or® | 
\- | 
Dad | 
ie 
r 
ic 4 
® 
w 
l. 
)- 
)- 
id 
b 
é 


~B0.D. 596 /MINUTE 
O 
' 


Fic. 3. pH optima for nucleotide formation from orotic acid 
and 5-fluoroorotic acid. Reaction mixture consisted of the follow- 
ing: orotic acid or 5-fluoroorotic acid, 1 XK 10-* m; PP-ribose-P 
1.8 X 10-*m; Mg**, 0.01 m; appropriate buffer (see below), 0.1 m; 
inorganic pyrophosphatase containing excess orotidylic decar- 
boxylase, 0.01 ml; orotidylic pyrophosphorylase (purified 14-fold 
from yeast extract) 0.04 mg in 0.1 ml; final volume of l ml. Buf- 
fers used at 0.1 M concentrations were: O, acetate; ©, phosphate; 
@, Tris; @, carbonate. Measurements were made at 295 my in 
1 ml cuvettes; reaction rates are based on measurements made in 
the first minute. 


were found to have similar Michaelis constants: 1.8 « 10-5 m 
and 2.0 x 10-5 M, respectively. These values are in good agree- 
ment with that reported for orotic acid by Lieberman et al. (5). 
Although the pH optima for nucleotide formation are similar 
with both compounds, 5-fluoroorotic acid reacts about twice as 
rapidly as does the natural substrate, orotic acid (Fig. 3). 

A number of other 5-substituted orotic acids were found in- 
active when examined for their ability to react with or inhibit 
the orotidylic pyrophosphorylase system, i.e. the 5-chloro, 
5-bromo, 5-amino, 5-nitro, and 5-methyl analogues of orotic 
acid. Fig. 4 illustrates a typical experiment where 5-fluoroorotic 
and 5-chloroorotic acids were compared as substrates for the 
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Fic. 4. Comparison of 5-fluoroortic and 5-chloroorotic acids as 
substrates for orotidylic pyrophosphorylase. The reaction con- 
ditions are described in Fig. 3; the pH used was 7.4. 
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Fic. 5. Effect of Mg** on the rate of formation of 5-fluorouri- 
dine 5’-phosphate at different PP-ribose-P concentrations. The 
reactions were measured as described in Fig. 3; the pH used was 
7A. 


orotidylic pyrophosphorylase reaction in concentrations of 5 x 
10-'m. Whereas 5-fluoroorotic acid reacted readily, no reaction 
of 5-chloroorotic acid was detected. Furthermore at these con- 
centrations no significant inhibition of the reaction of 5-fluoro- 
orotic acid was produced by 5-chloroorotic acid (Fig. 4). When 
the 5-chloro, 5-bromo, and 5-amino analogues of orotic acid were 
examined as substrates at much higher concentrations (5 x 10-% 
M) a decrease in absorbancy at 295 my was observed after addi- 
tion of PP-ribose-P to the reaction mixture. However, the ap- 
parent reaction was too slight to make feasible the isolation of 
nucleotide products. 

5-Fluorouracil was found inactive either as a substrate or an 
inhibitor of the orotidylic pyrophosphorylase reaction, 


Mg**-PP-ribose-P Interrelationship 


Fig. 5 illustrates the results of experiments where the Mg** 
requirement was determined at different concentrations of PP- 
ribose-P. Maximal enzymatic activity was observed only when 
the molar concentration ratio of Mg** to PP-ribose-P was 1 or 
greater. When the molar concentration of PP-ribose-P exceeded 
that of Mg**, inhibition of enzymatic activity occurred. These 
findings are strikingly similar to those described for a number of 
reactions which require ATP and Mg** (15-20) and suggest 
that the active substrate is a complex of Mg** with PP-ribose-P. 

It was found that addition of disodium ATP to the reaction 
mixture also caused inhibition of the orotidylic pyrophosphoryl- 
ase reaction. This effect was apparently the result of the bind- 
ing of Mg*+ by ATP, making it unavailable for complexing with 
PP-ribose-P. Similar effects are produced by the well known 
chelating agent ethylenediaminetetraacetate. These inhibitions 
were observed only when the Mg** concentration was limiting 
and were readily overcome by supplementing the reaction mix- 
ture with excess Mg**. This is in contrast to the profound in- 
hibition of the guanylic pyrophosphorylase reaction produced 
by low concentrations of ATP, which inhibition was not relieved 
by addition of excess Mg** (7). 

Preliminary Studies of Chemotherapeutic Activity 
of 5-Fluorouridine 5'-Phosphate 
Evidence has been uncovered in several laboratories which 


indicates that the chemotherapeutic activities of nucleoside de- 
rivatives of purine and pyrimidine analogues may be significantly 
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greater than those of the free bases. Of particular interest are 
the findings of Heidelberger et al. (21) with derivatives of 5-flu- 
orouracil. Although the transplantable mouse tumors, Adeno- 
earcinoma 755 and L1210, are more sensitive to the base, 5-flu- 
orouracil, than to the nucleosides, Sarcoma 180 is much more 
susceptible to treatment with 5-fluorodeoxyuridine. Further- 
more, 5-fluorodeoxyuridine is less toxic than 5-fluorouracil. With 
Ehrlich ascites carcinoma both nucleosides, 5-fluorouridine and 
5-fluorodeoxyuridine, are more effective than 5-fluorouracil. In 
view of these findings and other factors discussed previously (7), 
it is important that other derivatives of purine and pyrimidine 
analogues be examined for chemotherapeutic activity, i.e. the 
5’-phosphate nucleotides. 

The methods described above permitted the preparation of 
enough 5-fluorouridine 5’-phosphate for preliminary, small scale 
tests for antitumor action. In collaboration with Dr. Charles 
Heidelberger, the carcinostatic activity of 5-fluorouridine 5’-phos- 
phate against Sarcoma 180 and Ehrlich ascites carcinoma was 
examined as previously described (21). Tumor bearing mice 
(8 to 10 per group) were treated with 5-fluorouridine 5’-phosphate 
or 5-fluorouridine in single daily doses of about 0.02 mmole per 
kg of body weight per day for 7 days. Both compounds caused 
about 30% inhibition of the growth of Sarcoma 180. With 
Ehrlich ascites carcinoma all untreated control animals died 
with an average survival time after tumor inoculation of 19.1 
days. Of the eight 5-fluorouridine 5’-phosphate treated animals, 
four were tumor-free when killed at the 34th day. Five of the 
nine animals treated with 5-fluorouridine were tumor-free when 
killed after 100 days. Although the limited number of animals 
studied does not permit quantitative comparisons, on a molar 
basis the nucleotide appears to possess activity similar to that 
of the riboside, 5-fluorouridine. When tested for their bacterio- 
static action against Escherichia coli both 5-fluorouracil deriva- 
tives had similar activity. In each case the inhibition was re- 
versed competitively by uridine. 


DISCUSSION 


Studies reported above performed with partially purified yeast 
orotidylic pyrophosphorylase are in general agreement with the 
findings of Heidelberger et al. (1-4) who examined tumor cells 
and of Stone and Potter (22) who studied the action of pyrimidine 
analogues on the conversion of orotic acid to uridine nucleotides 
by liver homogenates. 5-Fluorouracil in the concentrations 
tested is inactive either as a substrate or inhibitor of the yeast 
enzyme and similarly did not affect hepatic orotate metabolism 
(22). On the other hand, 5-fluoroorotic acid is both an excellent 
substrate for the yeast enzyme, and a powerful inhibitor (prob- 
ably by substrate competition) of the liver system. In both 
systems other 5-substituted orotic acids are effective only in high 
concentrations. Although 5-fluorouracil has no effect on the 
orotate pathway it is a potent inhibitor of tumor growth and 
by some routes of administration is less toxic than 5-fluoroorotic 
acid (2). 

The fact that maximal rates of nucleotide formation are ob- 
served only when the molar ratio of Mg** to PP-ribose-P is one 
or greater is of potential importance. Although excess PP- 
ribose-P is inhibitory, excess Mg** (as great as 10 times the 
concentration of PP-ribose-P) is not inhibitory. This suggests 
that the active substrate for orotidylic pyrophosphorylase is a 
stoichiometric complex of Mg** with PP-ribose-P although other 
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possibilities must be considered (17). This idea is supported by 
the unpublished experiments of Dr. R. M. Bock! who used tech- 
niques described previously (23). Determination of titration 
curves of PP-ribose-P in the presence and absence of Mg++ sug- 
gests firm binding of Mg** by PP-ribose-P (24). The changes 
in velocity of this enzymatic reaction by variations in PP-ribose-P 
and Mg** concentrations could play an important role in the 
regulation of metabolic processes just as has been suggested for 
ATP and Mg** (17, 20). 


SUMMARY 


1. 5-Fluoroorotic acid reacts with 5-phosphoribosy]- 1-pyro- 
phosphate in the presence of partially purified yeast enzymes to 
form 5-fluorouridine 5’-phosphate. 

2. The preparation, purification, isolation in good yield and 
the characterization of 5 fluorouridine 5’-phosphate are described. 

3. Preliminary studies of the chemotherapeutic activity of 
5-fluorouridine 5’-phosphate on the Ehrlich ascites carcinoma 
and L1210 leukemia indicate that its activity is comparable to 
that of 5-fluorouridine. 

4. The substrate specificity of orotidylic pyrophosphorylase 
for various 5-substituted orotic acid derivatives is described. 

5. For optimal activity of orotidylic pyrophosphorylase the 
concentration of Mg** must be equal to or greater than the 
concentration of 5-phosphoribosyl-l-pyrophosphate. If the 
molar concentration of 5-phosphoribosyl-1-pyrophosphate ex- 
ceeds that of Mg** inhibition of enzymatic activity occurs. 


Acknowledgment—We wish to acknowledge the valuable tech- 
nical assistance of Mr. Robert Dutton. 
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The importance of controlling deoxyribonuclease action during 
the isolation of deoxyribonucleic acid has been taken for granted 
since the work of MeCarty and Avery (1) on pneumococcus 
transformation. Citrate or ethylenediaminetetraacetate has 
been widely used to control DNase I,' and it is generally assumed 
that maintenance of a neutral pH effectively eliminates DNase 
[I action (3). The present paper deals with some observations 
on mouse spleen DNase which indicate that the latter assump- 
tion is essentially correct at relatively high salt concentration, 
but that the action of DNase IL becomes significant at neutral 
pH when the concentration of salt is reduced sufficiently. 

Previous findings (4) that extracts of mouse spleen exhibited 
maximal DNase action at pH 5 in 0.005 to 0.01 m Mg or 0.15 to 
0.2 m NaCl but were nearly inactive in these salts near pH 7 
indicated that they contained highly active DNase II but little 
ifany DNase I. Further study of such extracts disclosed, how- 
ever, that they exhibited substantial DNase action near pH 7 at 
much lower concentrations of either Mg or Na salts (e.g. 0.005 
uw Na*) and that this action was not inhibited by either citrate 
or ethylenediaminetetraacetate. 

Extractions at neutral pH and low concentrations of electrolyte 
have often been used in the preparation of deoxyribonucleopro- 
teins (cf. 5). The possibility that hitherto unsuspected DNase 
action might occur under these conditions was one of the prin- 
cipal reasons for the present study which was mainly concerned 
w'th determining whether the DNase action found at the low 
salt concentration near pH 7 is the property of (a) a DNase 
different from either DNase I or LI, or (6) the widely distributed 
DNase II. Results from zone electrophoresis and heat stability 
studies favor the second possibility. It was also found that 
(a) the effect of salts on DNase II activity varies with pH, and 
(b) the pH-activity curve changes with the salt concentration. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The DNA used was made by the method of Kay et al. (6) 
except that the nucleate was dissolved in 0.01 mM NaCl where the 
procedure called for solution in water. Stock solutions were 
made by stirring the DNA (2 mg per ml) in either 0.002 or 0.01 
u NaCl at 0°. Tissue extracts were made by grinding frozen 
spleen with sand or in a Potter-Elvehjem glass homogenizer into 
several volumes of 0.14 m NaCl and centrifuging at 30,000 x g 


' The terminology proposed by Cunningham and Laskowski (2) 
is used. 


for 30 minutes. In some cases the extract was then dialyzed 
against distilled water or dilute Veronal buffer (pH 7.2), a pro- 
cedure which in no case caused a significant change of DNase 
activity. 

DNase activity was estimated from the fall of viscosity as de- 
scribed by MeCarty (7); the reaction mixtures contained 0.45 
mg of DNA per ml and the desired salts, buffers, and tissue ex- 
tract. Unless otherwise stated the reactions were carried out at 
25°. A few measurements were also made by the previously 
deseribed (4) application of the spectral method of Kunitz (8). 

The present studies involve measurements of DNase activity 
over a wide range of salt concentrations. Since the viscosity of 
DNA depends on salt concentration (9) rates expressed as R, the 
fall of viscosity per hour, may not be strictly comparable at all 
salt concentrations. Therefore, rates were also calculated as 
R/n.», the fraction of the initial specific viscosity lost per hour. 
A typical comparison of the use of R and R/n,, will be shown in 
Fig. 4; in all cases conclusions derived from the data are the same 
whether R or R/n,, is used. 


RESULTS 


Fig. 1 shows that spleen DNase action at pH 72 is much 
greater at very low salt concentrations than at the higher con- 
centrations that are close to optimal for either DNase II at pH 5 
or for DNase I near pH 7. In the absence of enzyme the change 
of viscosity was in every case less than 2% in 24 hours. 

Further studies of the dependence of splenic DNase activity 
on both pH (above pH 5) and electrolyte concentration are pre- 
sented in Figs. 2-42. The nature of the buffer anions appears to 
be immaterial at the low concentrations used. Determinations 
with various other spleen extracts showed that the DNase ac- 
tivity in 0.0017 m ethylenediaminetetraacetate (pH 7.1, total 
Na = 0.006 M) is nearly the same as in citrate or Veronal buffer 
at the same pH and sodium concentration. 

Fig. 5 shows some results obtained by the spectral procedure. 
The DNA concentration is only 5% of that used in the viscosi- 
metric method and the change of absorption reflects a later stage 
of the breakdown of DNA (4). However, it is evident that the 
relative positions of the activation and inhibition phases at the 
two pH values are similar to those shown in Fig. 2. 


? In a large number of experiments with several spleen extracts 
the ratio of R at pH 7.2 and 0.005 m Na* to R at pH 5 and 0.17 m 
Na* varied from 0.24 to 0.33. Much of this scatter appears to be 
due to difficulty in making highly reproducible rate measurements 
at the higher pH. 
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Fig. 1. Effect of spleen extract on the relative viscosity of DNA 
at various salt concentrations. The DNA concentration is the 
same in every case. Curves 1 to 5, pH 7.2; in each case 0.0025 M 
Nat of Veronal buffer and tissue extract present in addition to 
the concentrations of NaCl or MgCl, given below for each curve. 
Curve 1, NaCl = 0.004 m, no added enzyme. Curves 2 to 6, reac- 
tion mixture contained 0.011 ml of a ,4 spleen extract per ml of 
reaction mixture. Curve 2,0.14 m NaCl; Curve 3, 0.005 m MgCl; 
Curve 4, 0.004 m NaCl; Curve 5, 0.00038 m MgCl.; Curve 6, pH = 
5.0, 0.1 m NaCl-0.08 m sodium acetate. 
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Fig. 2. Influence of NaCl on splenic DNase activity at differ- 
ent pH values. pH values for Curves 1 to 6, respectively, are 5.02, 
5.33, 5.89, 6.33, 6.86, and 7.25. Value of Na* in each case includes 
contribution of buffer system which was 0.005 o or less. 


Results of numerous heat stability tests such as that given by 
Fig. 6 support the view that the action at pH 7.2 and low salt 
concentration is a property of DNase II. 

Fig. 7 presents the results of a typical attempt to separate the 
activities at pH 5 and 7 by zone electrophoresis on starch with 
the use of a Reco model E-800-2 electrophoretic migration 
chamber’ and procedures similar to those described by Kunkel 


’ Manufactured by Research Equipment Corporation, Oakland, 
California. 
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Fic. 3. pH-Activity curves of spleen DNase at different con- 
centrations of Na*. In each case 0.005 m Na* was contributed by 
buffer system, remainder by NaCl. Total concentration of Na* 
was 0.17, 0.052, 0.016 and 0.005 m, respectively, for Curves 1, 2, 8, 
and 4. For Curve 1 buffers were: @, acetate; ©, maleate; O, 
cacodylate; 0, citrate; @, veronal. Spleen extract had been 
dialyzed against distilled water. 
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Fic. 4. Dependence of spleen DNase activity on concentration 
of magnesium at different pH values. Maximum rate at each pH 
is set equal to 100%. Actual maximal rates at pH 5.9 and 7.0 are 
65 and 22%, respectively, of that at pH 5.2. O——O, pH 7; 
@——@, pH 5.9; A——A, pH 5.2. All solutions contain 0.0025 
Nat* contributed by buffer system. The terminal ends of the 
vertical lines emerging from some of the points give the values 
of percentage calculated from 


(10). In this experiment the bulk of the red pigment was found 
in Tubes 1 to 3 and the distribution of enzyme was quite differ- 
ent from that of total protein; the highest value of protein nitro- 
gen, 8.8 ug per ml, was found in Tube 4 whereas that in tube 16 
was 4.4 wg per ml. The activity-nitrogen value in Tube 16 
represents a 14-fold purification of enzyme. The failure to find 
any separation of the two activities was also characteristic of 
other experiments in Verona! buffer at pH 8.6 and again sup 
ports the concept that the activity at pH 7 and low salt con- 
centration is a property of DNase II. 
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Fic. 5. Influence of NaCl on splenic DNase activity at differ- 
ent pH as determined by spectral method. Maximum rate at 
each pH is set equal to 100%; actual ratio of maximum at pH 7.2 
to that at pH 5 = 0.12. O——O, rate at pH 7.2 in 0.0025 n sodium 
citrate buffer. @——@, rate at pH 5 in 0.01 w sodium acetate 
buffer. Remainder of salt contributed by NaCl. 
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Fic. 6. Heat inactivation of splenic DNase. Ordinate, per- 
centage of original activity remaining after heating for 30 minutes 
at indicated temperature. Extract had been dialyzed against 
0.005 m sodium Veronal buffer, pH 7.3. O——O, rate at pH 7.2 
in 0.005 m sodium Veronal. X——- xX, rate at pH 5 in 0.08 m so- 
dium acetate-0.10 uw NaCl. 
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Fic. 7. Zone electrophoresis of spleen extract on a starch block 
system. Buffer, 0.0175 m phosphate, pH = 6.9. Block, 4 K 0.6 X 
33.5 em. Arrow indicates origin. Block was cut into 0.5-cm seg- 
ments which were numbered consecutively as shown on abscissa. 
Each segment was extracted with 2 ml of distilled water; after 
centrifuging activity determinations were made on supernatant 
in usual manner except that temperature was 38°. O, activity 
atpH 5, Na = 0.15 M. X, activity at pH 7.2, Na = 0.005 m. 
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DISCUSSION 


It is evident that spleen DNase II would exhibit significant 
activity under certain conditions that have been used in low salt 
extraction of nucleoproteins (cf. 5). Low concentrations of 
DNase I inhibitors such as citrate and ethylenediaminetetra- 
acetate would not inhibit it. Since DNase II appears to be 
largely in the mitochondria (11), the preliminary separation of 
nuclear from cytoplasmic material would appear to be a crucial 
step in preparations involving such low salt extractions. 

Evidence presented elsewhere (12) suggests that some prep- 
arations of DNA may still contain trace amounts of active DNase 
I. A similar possibility must obviously be considered with 
respect to DNase II, and it should be noted that such residual 
DNase II might act during the process of dissolving or storing 
the DNA at low ionic strength and neutral pH. Particularly 
significant in this regard are the observations of Zamenhof et al. 
(13) that loss of biological activity and changes of heat stability 
may occur during the earliest phases of the action of DNase I 
even before changes of viscosity or of ultraviolet absorption are 
observed. 

Koszalka et al. (14) have presented evidence that calf spleen 
contains separable DNase II activities. Our results suggest 
that different classes of DNase II, if such exist in mouse spleen, 
are rather similar with respect to the activation properties con- 
sidered in the present study. 

It was found that (a) the electrolyte concentration at which 
inhibition begins and thus the apparent “optimal” salt concen- 
tration becomes smaller as the pH rises,‘ and (6) the shape of 
the pH-activity curve shows considerable dependence on salt 
concentration. For example, in 0.005 m NaCl the optimum 
is found at pH 7.5 rather than near pH 5. The available data 
(15, 16) indicate that these effects of changing pH do not result 
from titration of DNA since undenatured DNA is in practically 
the same state of titration (essentially zero titration of amino 
groups) at each set of conditions where the salt inhibition begins 
(e.g. 0.007 Mm NaCl at pH 7.2 or 0.17 m NaCl at pH 5.02). Like- 
wise no titration of DNA occurs in 0.005 m NaCl over the range 
of pH (6.3 to 7.5) where the activity rises. It therefore appears 
likely that these changes are related to titration of groups of 
the enzyme rather than of the substrate.® 


SUMMARY 


Extracts of mouse spleen which contain considerable deoxyri- 
bonuclease II but practically no deoxyribonuclease I exhibit 
substantial activity at very low electrolyte concentration near 
pH 7, although they are nearly inactive at the higher salt con- 
centrations which are optimal for deoxyribonuclease II at its 
optimum pH of 5. 

Results of zone electrophoresis on starch blocks and of heat 
stability tests indicate that the nuclease action exhibited at pH 
7 and low salt concentration is a property of the splenic deoxy- 
ribonuclease II rather than of an additional enzyme component. 

Investigation of the mutual effects of pH and electrolyte con- 
centration on splenic deoxyribonuclease II activity shows that 
the apparent optimal salt concentration depends on pH, and 
that the shape of the pH-activity curve changes with the salt 


‘At pH 7 the “optimum” concentration of Mg** is only 0.25 
atom per atom of DNA phosphorus. 

* The possible contribution of nonspecific interactions between 
other proteins and either enzyme or substrate will become clearer 
when similar studies with purified DNase II become available. 
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concentration. 


These changes largely result from the fact that 


the salt concentration at which activation ends and inhibition 
begins becomes lower as the pH rises. 
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The isolation of the choline ester of sulfuric acid (sometimes 
called “eyclie choline sulfate’) from a natural source was first 
made by Woolley and Peterson (1) from Aspergillus sydowi. 
The occurrence of the compound has also been shown in Peni- 
cillium chrysogenum (2) and in lichens of the genus Roccella and 
the red alga Gelidium cartilagineum (3). Although the role of 
choline sulfate in microorganisms is not clear, it is possible that 
the substance is a reservoir of carbon and sulfur since in some it 
can serve as a single source of these elements for their growth (4). 

The biosynthesis of choline sulfate in A. sydowt has been shown 
recently by Kaji and McElroy (5). The ester is formed in the 
presence of ATP and radioactive inorganic sulfate. Stimulation 
by the addition of mammalian enzymes capable of forming active 
sulfate (PAPS') (6) suggested that PAPS might be an intermedi- 
ate as it is in many other sulfurylation reactions (7). This 
paper contains evidence that PAPS is the sulfate donor to choline 
and presents some of the characteristics of the enzyme, choline 
sulfokinase, 


EXPERIMENTAL 


Materials—Cysteine hydrochloride, choline chloride, and ATP 
were commercial preparations, neutralized with KOH. Cysteine 
solutions were made just before use. 

PAPS and PAPS*®, synthesized with veast-activating enzymes 
(6) and isolated by paper electrophoresis or ion exchange chro- 
matography, were kindly furnished by Dr. Axel Delbriick in this 
laboratory. APS was chemically synthesized (8) and kindly 
provided by Dr. P. W. Robbins. PAP was isolated from a 
commercial ATP (9). 

A. sydowi extract was prepared as previously described (5) 
and called “crude enzyme.” Certain samples were further 
treated as follows. The crude enzyme was again precipitated 
by saturating with ammonium sulfate, dissolved in 0.02 mM potas- 
sium phosphate buffer (pH 7.2) containing 0.01 m cysteine, and 
dialyzed overnight against the same solution. After passage 
through a small bed of Dowex 50 (50 to 100 mesh, sodium form) 
to reduce the content of associated choline, this solution was 
called “Dowex-treated enzyme.” Both enzyme preparations 
could be stored frozen for at least several weeks. 

Methods—A typical enzymatic reaction mixture contained 20 
zmoles of potassium phosphate buffer (pH 7.2), 10 uwmoles of 


Pe This work was aided by a grant from the American Cancer 
iety. 

t Research Fellow, The Wilmer Institute, The Johns Hopkins 
Hospital, Baltimore, Maryland. 

‘The abbreviations used are: PAPS, 3'-phosphoadenosine 5’- 
phosphosulfate; APS, adenosine 5’-phosphosulfate; PAP, 3’-phos- 
phoadenosine 5’-phosphate. 


cysteine, 12.5 umoles of MgCl, 40 umoles of choline, PAPS*, 
and enzyme, with other inclusions as listed in each experiment. 
Incubation was for 60 to 130 minutes at 37°, at the end of which 
the mixtures were heated at 100° for 2 minutes and centrifuged, 
and an aliquot of the supernatant fluid was applied either to 
paper or to an ion exchange column. _ 

Ascending chromatography (2) was done on Whatman No. 1 
paper in n-propanol-water (70:30, volume for volume). Paper 
electrophoresis was carried out in an apparatus of the Durrum 
type (10). Separation and determination of choline sulfate were 
also done by passing deproteinized reaction mixtures through 
columns of Dowex 1-X10 chloride (8.5 x 40 mm bed, 200 to 
400 mesh). All sulfate and PAPS is adsorbed, and choline 
sulfate is recovered quantitatively. Samples were dried in stain- 
less steel planchets and radioactivity determined in a gas flow 
Geiger-Mueller counter. Results are expressed in terms of 
original volume of reaction mixtures. 

Protein was determined by a biuret method (11). 


RESULTS AND DISCUSSION 


It has already been established (4, 5) that the S*-containing 
reaction product from sulfate, ATP, and choline is identical with 
choline sulfate by means of paper electrophoresis and chroma- 
tography. The S*-containing product from PAPS*® and choline 
has also been identified with choline sulfate by the same means. 
The results shown in Table I make it clear that PAPS can trans- 
fer its sulfate to choline. It can also be seen that in the over-all 
reaction of sulfurylation of choline by sulfate and ATP, the 
activation of the sulfate ion is the rate-limiting step. This is 
compatible with the previous observation that addition of mam- 
malian activating enzyme to the A. sydowi system resulted in 
stimulation of formation of choline sulfate (5). 

The molar amount of PAPS* is so small in the experiments 
shown in Tables | and II that a large percentage of the labeled 
sulfate can be transferred to the residual choline presumed to be 
in the enzyme preparation, even when the enzyme has been 
treated with ion exchange resin. As shown in Tables I and II, 
addition of choline somewhat increases the amount of choline 
sulfate formed, whereas when carrier PAPS is present (Table III) 
the effect of omitting choline is much more marked since that 
contained in the enzyme is soon exhausted. It might be men- 
tioned here that the S**-containing product formed in the absence 
of added choline was also shown to be identical with choline sul- 
fate by means of paper electrophoresis and chromatography. 
Table III shows that cysteine and magnesium ions are necessary 
for maximum activity. The possibility of an absolute require- 
ment for Mg ions, however, remains questionable since the pres- 
ence of 0.04 m ethylenediaminetetraacetate did not completely 
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inhibit the enzymatic activity. All activity was suppressed in 
the presence of 0.05 m p-chloromercuribenzoate. 

Fig. 1 shows that the rate of the reaction is dependent on the 
amount of the enzyme added to the system. In several experi- 
ments similar to this, a transfer of 80 to 90% of the activity to 
choline sulfate has been observed. The difficulty of determining 
the very small amount of residual PAPS* and the probability of 
breakdown during the incubation have made it impractical to 
estimate the equilibrium of the transfer. 


TaBLe I 
Transfer of sulfate from PAPS* to choline 


The reaction mixtures, containing 20 umoles of phosphate, pH 
7.2, 10 wmoles of cysteine, 12.5 wymoles of MgCl2, 40 wmoles of 
choline, and 16 mg of crude enzyme with other inclusions as indi- 
cated below in a volume of 2.0 ml, were incubated 130 minutes at 
37°. Choline sulfate was isolated by paper chromatography as 
described in the text. The area corresponding to choline sulfate 
was cut out, eluted with water, dried, and counted. 


Additions Choline sulfate 
c.p.m. 
PAPS*> (0.024 umole, 460 103 c.p.m.)............. 106 ,000 
PAPS**; enzyme boiled before incubation........... 290 
S*5-sulfate (carrier-free, 103 K 105 ¢.p.m.)......... 
S*5-sulfate + ATP (20 wmoles)..................... 4,020 


TABLE II 


Effect of APS on formation of choline sulfate from 
PAPS and choline 
The reaction mixtures, containing 20 wmoles of phosphate, pH 
7.2, 10 wymoles of cysteine, 12.5 wmoles of MgCl., and 1.7 mg of 
Dowex-treated enzyme with other inclusions as indicated below 


in a volume of 2.0 ml, were incubated at 37° for 60 minutes. The 
product was determined by ion exchange treatment. 
Additions ‘Choline sulfate 
c.p.m. 
PAPS** (0.0034 wmole, 66 10° 8,400 
PAPS** + APS (0.1 gmole)......................... 7,780 
PAPS* + choline (40 | 13,300 


TaBce III 
Effect of activators on choline sulfokinase 


The reaction mixtures, containing 20 wmoles of phosphate, pH 
7.2, 20 wmoles of cysteine, 12.5 wmoles of MgCle, 40 wmoles of 
choline, 1.0 wmole of PAPS, 0.0017 wmole of PAPS*® (33 x 108 
c.p.m.), and 1.4 mg of Dowex-treated enzyme in a volume of 2.0 
ml, were incubated at 37° for 30 minutes. Choline sulfate was 
then isolated by ion exchange treatment. 


Reaction mixture Choline sulfate 
c.p.m. 
Choline omitted................. 240 
Cysteine omitted................ 1,050 
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Choline sulfate (counts/min)x 10° 


| 


2 +4 6 
Time in minutes 


Fic. 1. Rate of production of choline sulfate at various enzyme 
levels. Except for the amount of enzyme and time of reaction, 
the mixtures were the same as the complete system in Table I 
which contained PAPS**. At the various time intervals, 0.2 ml. 
of reaction mixture was analyzed by ion exchange treatment as 
described in the text. 


The unlikely possibility that APS is the sulfate donor was 
ruled out by the observation (Table IT) that unlabeled APS had 
little effect on the transfer from PAPS**, whereas PAPS showed 
a strong dilution effect. In order to emphasize this difference, 
the extent of the reaction was limited by restricting the amount 
of choline to that which was present in the enzyme. 

The question remains whether the equilibrium of the sulfate 
transfer would permit the detection of any reversal of the re- 
action. So far, all attempts have been unsuccessful. For 
example, incubations were carried out for 1 and 2 hours at 37°, 
containing 0.25 umole per ml of radioactive choline sulfate (25 
< 10° c.p.m.) and 0.20 umole per ml of PAP with the usual con- 
centrations of buffer, cysteine, and magnesium ions and 3 mg 
per ml of crude enzyme. After boiling and centrifugation, 0.5 
ml of mixture was evaporated in an 8-cm wide zone of paper and 
subjected to electrophoresis as described under Methods. No 
radioactivity could be detected in the area of PAPS either by 
counting or by autoradiography. 

At present, there is no evidence that choline sulfate could act 
as an energy source or active sulfate storage compound. Con- 
sidering the acidity of sulfuric acid, however, the possibility of a 
relatively high group potential for sulfate in such a compound 
should not be overlooked. A final decision on this must await 
an accurate determination of the equilibrium of the transfer of 
sulfate from PAPS. 

Choline sulfate might, nevertheless, serve as a means of storing 
sulfur in microorganisms, as suggested by Egami’s observation 
(12) that Aspergillus oryzae grows better on choline sulfate than 
on sulfate with or without choline. The compound is taken up 
from the medium and can serve as a sulfur source for later growth 
in the absence of sulfur, although no appreciable free sulfate 
appears within the cells. It acts as a sulfur source also for P. 


chrysogenum (13) and gives rise to more reduced forms of sulfur 
in certain bacteria (14), although others cannot use it as a sulfur 
source (15). There is no evidence of any enzymatic hydrolysis 
of choline sulfate by gastropod liver or horse serum (16, 17) 
nor does it seem to be metabolized in the mammalian system 
(18). 
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In previous communications the isolation of two fluorescent 
substances from Ashbya gossypit was indicated and their iden- 
tification by chemical synthesis has been described (1, 2). The 
green fluorescent material 6,7-dimethyl-8-ribityllumazine, has 
been converted to riboflavin by cell-free extracts of A. gossypii 
(3). The second substance, a blue-violet fluorescent material, 
was proved to be identical with synthetic 6-methyl-7-hydroxy- 
8-ribityllumazine (1). 

The details of the isolation of the blue-violet fluorescent sub- 
stance from A. gossypii are described here. Direct comparison 
of this material with the “V” compound isolated from Eremo- 
thecium ashbyii by Masuda (4) has been made and it has been 
shown that the two substances are identical. 

Evidence has been obtained that the chemical condensation 
of 4-methylamino-5-amino-2,6-dihydroxypyrimidine and pyru- 
vate lead to the formation of the analogous 6,8-dimethyl-7- 
hydroxylumazine. Since this substance has an absorption spec- 
trum very similar to that of the natural blue-violet fluorescent 
substance from A. gossypii it provides further support for the 
assignment of the structure 6-methyl-7-hydroxy-8-ribitylluma- 
zine to this substance, which was suggested by the chemical 
synthetic work (1). 


EXPERIMENTAL AND RESULTS 


Isolation of 6-Methyl-?-hydroxy-S-ritityllumazine 


1. Extracttion—Approximately 1250 g of mycelium of Ashbya 
gossypit containing Celite were soaked in 1250 ml of 95% ethanol 
overnight at 0-5° with occasional stirring.' After filtration, the 
residue was again treated with 500 ml of 95% ethanol and the 
combined filtrates were concentrated in a vacuum to about 75 
ml. Riboflavin crystallized at this stage and was removed by 
filtration. 

2. First Adsorption-elution on Florisil—On a Florisil (Floridin 
Company) column (2.6 X 30 cm) were placed 15 ml of the con- 
centrated extract. The blue fluorescent compound was eluted 


* Senior Research Fellow United States Public Health Service 
(SF 261). These studies were aided by funds from the Williams 
Waterman Fund, the National Institutes of Health, and the Na- 
tional Vitamin Foundation. 

t Postdoctoral Fellow of the American Heart Association. 

1 We are grateful to Dr. J. M. Van Lanen of Hiram Walker and 
Sons, Inc., Peoria, Illinois, for the generous supply of cell paste 
used in this isolation. Age of the cells was 136 hours. 


with 200 ml of 5% acetic acid. The acetic acid eluates from 
five such columns were combined and concentrated to dryness 
in a vacuum. 

3. Second Adsorption-elution on Florisil—The residue was re- 
constituted to about 150 ml with water, yielding a dark brown 
solution, and placed on a column (3 X 39 cm) of washed Florisil? 
Water was then placed on the column and 100 ml portions of 
effluent were collected. Each fraction was tested for fluores- 
cence by examining a spot of the solution on filter paper under 
ultraviolet light. The light brown effluent fractions exhibiting 
fluorescence were combined (about 500 ml). 

4. Treatment with Basic Alumina—Three columns of alumina 
(2.5 X 12 cm) were prepared by placing in each a suspension of 
40 g of basic alumina (California Corporation for Biochemical 
Research) in 1 liter of water. After the adsorbent had been 
packed the fluorescent eluate from Florisil was placed on the 
first alumina column. The initial nonfluorescent effluent (80 to 
100 ml) was discarded. After collecting the fluorescent effluent 
the column was washed with water to recover retained material. 
The combined solution of eluate and wash was then placed on a 
second alumina column, and the procedure was repeated as be- 
fore. This was followed by treatment with a third column of 
alumina. About 1 liter of an orange colored solution was ob- 
tained. 

5. First Treatment with DEAE-cellulose—A column (3.5 XK 20 
em) of DEAF-cellulose (Brown Company) was prepared from 
suspension of 20 g of the cellulosic anion exchanger in 500 ml of 
an aqueous solution containing 5 ml of concentrated ammonium 
hydroxide. The eluate from the alumina treatment was mixed 
with 10 ml of concentrated ammonium hydroxide and passed 
through the DEAE-column. About 200 ml of the initial non- 
fluorescent effluent was discarded. After the remaining solution 
had passed through, the column was washed with 200 ml of 
dilute ammonium hydroxide. The yellow eluate and the wash 
solution were combined. 

6. Adsorption-elution on Charcoal—The eluate from the pre- 
vious step was treated with 14 g of Norit A (acid-washed) for 
10 minutes. Inorganic compounds are not adsorbed by the 


2? The Florisil was poured into the column as a suspension in 
water. The adsorbent was washed with water in situ till the al- 
kalinity of the effluent had been reduced to pH 8. 

3 Interfering nonfluorescent impurities do not permit the ac- 
curate determination of 6-methyl-7-hydroxy-S-ribit vllumazine by 
measurement of the light absorption at 345 my at this stage. 
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charcoal. The suspension was filtered and the residue was 
washed by alternate suspension and filtration with 1 liter por- 
tions of 1% of aqueous acetic acid, water, and 1% of aqueous 
pyridine. The compound was eluted from the charcoal with 1 
liter of 30% (volume for volume) of aqueous pyridine. The 
major portion of pyridine was removed by shaking with two 550 
ml portions of chloroform. The resulting aqueous layer was 
concentrated to dryness in a vacuum yielding a light brown 
solid. 

7. Second DEAE-cellulose Treatment—The solid was dissolved 
in 2 ml of water and the solution was placed on a 6 X 3.6 cm 
DEAE-cellulose column. The anion exchanger was washed with 
100 ml of water, and the effluent fluid was discarded. The flu- 
orescent material was displaced from the column with about 700 
ml of 0.007 N ammonium hydroxide. Brown impurities were 
retained at the top of the column. The colorless effluent was 
concentrated to dryness in a vacuum. 

8. Crystallization from Aqueous Ethanol—The residue was 
taken up in 1 ml of water, and 4 ml of hot ethanol were added. 
The compound crystallized from this solution upon cooling. 
White crystals (120 mg) of the ammonium salt of 6-methyl-7- 
hydroxy-8-ribityllumazine were obtained; m.p., 249-251° (de- 
composes). The free acid could be obtained upon acidification 
with HCl and crystallization from aqueous ethanol; m.p., 268° 
(decomposes). The results of the fractionation are summarized 
in Table I. 

The properties of the natural material were in complete agree- 
ment with that of the synthetic product when compared by light 
absorption spectra, paper chromatography, and by paper electro- 
phoresis (1). The analysis was as follows: 


C NH 
Calculated: C 41.8, H 5.5, N 20.2 
Found: C 41.7, H 5.4, N 19.9 


Direct comparison by the above criteria of the natural product 
from A. gossypii and synthetic 6-methyl-7-hydroxy-8-ribityl- 
lumazine with the “V” compound isolated from Eremothectum 
ashbyii by Masuda (4) revealed that these materials are the 
same. The isolation of a blue fluorescent pteridine, again from 
E. ashbyii, was reported by Forrest and MeNutt (5). They 
suggested that the structure of this compound contained a pter- 
idine ring with hydroxy substituents at C-2 and C-4, and prob- 
ably two side chains, one containing a trihydroxybutyl group 
and the second a carboxyl group. A recent report by MeNutt 
(6), however, proposes that this substance, too, is 6-methyl-7- 
hydroxy-8-ribitvllumazine. 


Chemical Synthesis of 6 ,8-Dimethyl-?-hydroxylumazine 


One of the intermediates (4-ribitylamino-5-amino-2 ,6-dihy- 
droxypyrimidine) used in the synthesis of 6-methyl-7-hydroxy- 
8-ribitvllumazine has as yet not been obtained in crystalline 
form (1,2). It became desirable, therefore, to prepare an anal- 
ogous lumazine derivative by a similar procedure where the 
corresponding intermediary diamine could also be obtained in 
the solid form. The synthesis of 6,8-dimethyl-7-hydroxyluma- 
zine by the condensation of pyruvate and 4-methylamino-5- 
amino-2 ,6-dihydroxypyrimidine, was suitable for this purpose. 


‘We wish to thank Dr. Masuda for an exchange of samples of 
his “V"’ compound and our synthetic 6-methyl-7-hydroxy-S-ribi- 
tvllumazine. 


G. W. E. Plaut and G. F. Maley 
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TABLE 
Isolation of 6-methyl-7 -hydrory-8-ribityllumazine 
6-Methyl-7-hydroxy-8-ribityllumazine was estimated by meas- 
urement of the light absorption at 345 my in 0.1 mM phosphate, pH 
6.7. Molar absorbancy of synthetic compound, ay, 13,000 (1). 


Treatment Purity 
pmoles ay 
Second 2120 
First DEAE-cellulose................. 1510 
1150 8,730 
Second DEAE-cellulose 1110 
Crystallization from ethanol: 
148 


* Interference by impurities with the optical method used pre- 
vented estimation of the compound before the second Florisil 
step. 


CH 
HNO 2 No2 S2 O« 3 
+ 
H CH, CH, 
I Ir para 
CH, 
OH 
CHy 


Fic. 1. The synthesis of 6,8-dimethyl-7-hydroxylumazine 


The latter was prepared essentially by the method of Masuda 
(7). The method of synthesis of this lumazine derivative is 
outlined in Fig. 1. 

4-Methylamino-5-nitroso-2 ,6-dihydroxypyrimidine — 4 - Methyl- 
amino-2 ,6-dihydroxypyrimidine (1) was prepared by the method 
of King and King (8). This compound (1.45 g) was dissolved 
in 24 ml of water and 1.45 g of sodium nitrite were added. To 
the stirred solution 3.5 N acetic acid was added slowly; the pH 
reached 4.3 within about 30 minutes. The resulting brick red 
precipitate was recrystallized from hot water, and dried in a 
vacuum at 60°. A vield of 1.7 g of 4-methylamino-5-nitroso- 
2,6-dihydroxypyrimidine (11) was obtained; m.p., 272-274° 
(decomposes). 

4-Methylamino-5-amino-2 ,6-dihydroxrypyrimidine—A_ solution 
of 4-methylamino-5-nitroso-2 ,6-dihydroxypyrimidine was _pre- 
pared by dissolving 1.7 g of the compound in 37 ml of boiling 
water.> To the boiling mixture 3.4 g of sodium hydrosulfite were 
added and heating was continued for about 10 minutes till the 
solution changed from red to yellow. The sulfite salt of 4-meth- 
ylamino-5-amino-2 ,6-dihydroxypyrimidine (III) erystallized 
upon cooling. A yield of 0.92 g of dried material was obtained; 
m.p. 252-253° (darkens). 

6 ,8-Dimethyl-?-hydroxylumazine (V)—A solution of 400 mg of 
4-methyl-amino-5-amino-2 ,6-dihydroxypyrimidine in 15 ml of 


§ This procedure was finally adopted at Salt Lake City, Utah, 
at an altitude of 4900 feet above sea level, average boiling point of 
water, 95°. 
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Fic. 2. Comparison of the absorption spectra of 6-methyl- 7-hydroxy-8-ribityllumazine and 6 ,8-dimethyl-7-hydroxylumazine. 


6- ribityllumazine in 0.1 N H,SO,, 


water was prepared. Sodium pyruvate (IV) (2.74 g) was dis- 
solved in 25 ml of water and the liquid brought to pH 3.4 with 
2n HCl. The diamine and pyruvate solutions were mixed and 
kept at 80° for 20 minutes. Upon cooling a yellow crystalline 
product precipitated and was collected. Upon drying in a vac- 
uum at 56°, 255 mg of material were obtained. A second crop 
of 70 mg of substance was recovered from the mother liquor upon 
storage for several days at 5°. The first crop was recrystallized 
twice from 10 ml of water (acidified to pH 2 to 3 with HCl). 
After the final recrystallization the dried product (pale yellow) 
weighed 150 mg. The product did not melt up to 330°. 

The material exhibited one component only in several systems 
of paper chromatography and by paper electrophoresis (0.03 m 
citrate buffer at pH 4.6). The results of the analysis are as 


follows: 
6,8-Dimethyl-7-hydroxylumazine, oxidized (CsHsN,O;) 
Calculated: C 46.2, H 3.9, N 26.9 


Found: C 45.9, H 4.1, N 26.7 


The excellent agreement between the analytical values and 
theory, especially the hydrogen content, suggests that the com- 
pound is principally in the oxidized rather than in the reduced 
(CsHyoN Os; calculated: C 45.7, H 4.8, N 26.7) form. 

A comparison of the absorption spectra of 6,8-dimethy]-7- 
hydroxylumazine in acid and alkaline solution with those of the 


;in 0.1 n NaOH, -----; ; 6,8-dimethyl-7-hydroxylumazine in 0.1 n H,SO,, 


0 
OH NH N 
R 


YI 


Fic. 3. Structural similarity of 6-methyl-7-hydroxy-8-ribityl- 
lumazine and pteroic acid. 


mazine, isolated from E. ashbyit (4, 9) and A. gossypii (2), has 
been found to act as a precursor of riboflavin with extracts of 
A. gossypii (3) and other riboflavin-producing organisms.* How- 
ever, attempts to convert 6-methyl-7-hydroxy-8-ribityllumazine 
to riboflavin with such enzyme preparations have thus far yielded 
negative results. Though not conclusive these results may 
indicate that this substance does not belong to the series of inter- 
mediates involved in flavin synthesis. In fact, the structural 
aspects of this pterin (6-methyl-7-hydroxy-8-ribity]-2 ,4[1H ,3H)- 
pteridinedione) relate it more closely to the folic acid series of 
compounds rather than to the flavins. The similarity of the 
ring structures of 6-methyl-7-hydroxy-8-ribityllumazine (VI) 
and the pteroic acid (VII) portion of folic acid can be seen in 
Fig. 3. 


ribityllumazine derivative shows a close similarity, Fig. 2. — 
The following were characteristics of light absorption of 6,8- The isolation of 6-methyl-7-hydroxy-8-ribityllumazine from 
dimethy]-7-hydroxylumazine and 6-methyl-7-hydroxy-8-ribityl- Ashbya gossypii has been described. 


lumazine, respectively: in 0.1 N H.SO,, maxima at 282 my versus 
281 my, and 325 my versus 326 mu, minima at 245 my versus 
248 mu, and 296 my versus 299 my; in 0.1 Nn NaOH, shoulder at 
255 my versus 260 mu, maxima at 287 my versus 287 my, and 
348 my versus 350 mu, minima at 269 my versus 273 my, and 304 
my versus 307 mu. 


DISCUSSION 


The isolation and structural identification of a second ribityl- 
lumazine from natural sources poses the question of the physio- 
logical significance of this material. 6,7-Dimethyl-8-ribityllu- 


The chemical synthesis of 6,8-dimethyl-7-hydroxylumazine 
has been reported. This compound possesses an absorption 
spectrum which is very similar to those of natural and synthetic 
6-methy]-7-hydroxy-8-ribityllumazine. 

The relationship between the ring structures of 6-methyl-7- 
hydroxy-8-ribityllumazine and the pteroic acid portion of folic 
acids is discussed. 
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The discovery in this laboratory that 3,4-dihydroxyphenyl 
compounds such as caffeic acid and 3-(3,4-dihydroxypheny])- 
L-alanine undergo O-methylation as well as dehydroxylation in 
the animal body (1) has been confirmed by others (2-4). We are 
not aware of any reports of monohydroxyphenyl compounds 
undergoing either of these metabolic changes. The question is 
raised as to what the metabolic fate would be of trihydroxypheny! 
compounds such as gallic (3,4,5-trihnydroxybenzoic) and 2,3,4- 
trihydroxybenzoic acids. 

According to a report by Tompsett (5), the pyrogallol detected 
in human airine was probably derived from gallic acid by de- 
carboxylation in the alimentary tract. In a subsequent report 
this worker presented evidence that oral ingestion of tannic acid 
by man leads to an increased excretion of both 3,4-dihydroxy- 
phenolic and 3-methoxy-4-hydroxyphenolic compounds (4). 

Interest in the metabolic fate of gallic acid also stems from its 
natural occurrence in foods, the use of propyl] gallate as an anti- 
oxidant in fats and oils, and the earlier use of tannic acid in the 
treatment of burns (6). 

In the present study it will be shown that O-methylation of 
gallic acid and 2,3,4-trihydroxybenzoic acid accounts for the 
major metabolites in the urine of rats and rabbits ingesting these 
compounds. 


EXPERIMENTAL 


Methods—The collection of the urine and the paper chroma- 
tographic procedures used for the detection of the urinary 
phenolic metabolites have been previously described (7). The 
purified diet fed to the rats and the semipurified diet fed to 
rabbits have also been described previously (8). 

Materials—Gallic acid, pyrogallol, syringic acid, n-propyl 
gallate, tannic acid, and 2,3,4-trihydroxybenzoic acid were 
purchased from commercial sources. The 4-O-methyl gallic 
acid was prepared according to the method of Schépf and Winter- 
halder (9). The 2-O-methyl pyrogallol and 3-methoxy-2,4- 
dihydroxybenzoic acid were prepared according to Geissman and 
Mojé (10). The laury! gallate used in these experiments was 
kindly supplied by the Animal Fats Laboratory, Eastern Utiliza- 
tion Research and Development Division, Philadelphia, Penn- 
sylvania. We are indebted to Dr. Leonard Jurd of the Fruit 
and Vegetable Chemistry Laboratory at Pasadena, California, 
for a sample of 3-O-methyl gallic acid. 3-Hydroxy-4,5-di- 
methoxybenzoic acid was prepared by treating gallic acid with 
3 mole equivalents of diazomethane. _The product which was 
extracted from the etheral solution with 4% aqueous sodium 
hydroxide was hydrolyzed, and the resulting acid recrystallized 


from water giving a preparation melting at 195-196° (corrected), 
Fischer et al. (11) reported a value of 197-198°. All compounds 
were checked chromatographically for purity. 


RESULTS 


Rat Experiments—A diet containing 0.5% of gallic acid was 
fed to adult albino rats. The urine, collected without the addi- 
tion of acid in the receiving flask, was normal in color and volume. 
Two-dimensional paper chromatograms of ether extracts of the 
acidified urine revealed the presence of one major metabolite in 
addition to gallic acid itself. The metabolite gave a stable 
yellow-orange color when sprayed with diazotized sulfanilie 
acid-sodium carbonate which did not turn black as would be 
expected if a catechol structure had been involved. Dehy- 
droxylation was ruled out since the Rr values were not in agree- 
ment with those of either 3,4- or 3,5-dihydroxybenzoic acid. 
The presence of a carboxyl group was indicated by the fact that 
the metabolite was extractable with ether from an acid solution 
but not from an alkaline solution. These observations suggested 
the possibility that the metabolite was 4-O-methy] gallic acid. 
When this compound was synthesized its characteristics were 
identical with those of the urinary metabolite as judged by Rp 
values, behavior under ultraviolet light and color after spraying 
with diazotized sulfanilie acid followed by sodium carbonate 
(Table 1). The isolation of this compound from urine is de- 
scribed under rabbit experiments. 

Small amounts of a second metabolite of gallic acid were also 
detected on the two-dimensional paper chromatogram of the 
ether extract of the urine. When the ether-extracted urine was 
hydrolyzed (2 ~ HCI reflux for 1 hour), then extracted into ether 
and chromatographed, an additional amount of this minor 
metabolite was obtained. Since gallie acid and 4-0-methyl 
gallic acid are stable to acid hydrolysis under these conditions, 
it may be concluded that some of this metabolite was present in 
the urine as a conjugate. The chromatographic properties of 
this compound after hydrolysis were identical with those of 
2-0-methy! pyrogallol (Table I): 

When gallic acid was given to rats by stomach tube (100 mg 
per rat) the results were similar to those obtained when the 
compound was ingested in the diet. 

In order to by-pass the gastrointestinal tract and avoid effects 
caused by intestinal microorganisms, rats were given gallic acid 
by intraperitoneal injection (100 mg per rat). Chromatographic 
examination of the urine revealed the presence of 4-O-methyl 
gallic acid as well as gallic acid itself. However, an additional 
metabolite with the same chromatographic behavior as pyrogallol 
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TaBLe 
Chromatographic behavior of trihydrozyphenolic derivatives 


| 
Compound | 


2,3,4-Trihydroxy-benzoic acid........................ 0.13 
3-Methoxy-2,4-dihydroxybenzoic acid.................. 0.65 


3,4-Dimethoxy-5-hydroxybenzoic acid.................. 0.76 


Rr 
acetic: | Color with diazotized sulfanilic acid 
0.45 Deep blue Green, then darkens 
0.56 Deep blue Yellow-orange 
0.41 Blue Darkens 
0.55 Blue Yellow-orange 
0.43 Deep blue Reddish, then darkens 
0.58 Deep blue Yellow-orange 
0.40 Deep blue Red 
0.71 Absorbs Darkens 
0.79 Absorbs Yellow-orange 
0.26 Absorbs Darkens slightly 
0.40 Deep blue Darkens slightly 
0.00 Absorbs Darkens slightly 


was clearly evident (Table I). A trace of 2-O-methyl pyrogallol 
was also present. Pyrogallol was subsequently isolated from 
the urine of rabbits receiving gallic acid in the diet. 

Additional evidence of O-methylation of a trihydroxyphenyl 
compound was obtained when rats were given 2,3, 4-trihydroxy- 
benzoic acid by stomach tube (100 mg per rat). Some of the 
administered compound was found in the urine, along with the 
major metabolite which was identified chromatographically as 
3-methoxy-2 ,4-dihydroxybenzoic acid (Table 1). 

When rats were given 4-O-methyl gallic acid, the only spots 
on the chromatogram other than those accounted for in control 
urine were the compound given, and a conjugate area which on 
hydrolysis was converted to 4-O-methyl gallic acid. The excre- 
tion of a dimethoxy derivative of 4-O-methyl gallic acid by 
O-methylation of either the number 3 or 5 hydroxyl group was 
not observed. However, when rats were given 3-O-methyl gallic 
acid (100 mg per rat by stomach tube), two dimethoxy derivatives 
were readily detected in the urine. These were identified 
chromatographically as 3,5 - dimethoxy - 4 - hydroxybenzoic 
(syringic) acid and 3,4-dimethoxy-5-hydroxybenzoic acid (Table 
1). 

The metabolism tn vivo of esters of gallic acid was also studied 
with the use of propyl and lauryl gallate. Each of these com- 
pounds was given to rats by stomach tube (100 mg per rat). The 
major metabolite in each case was 4-O-methyl gallie acid. In 
addition, an area on the chromatograms corresponding to gallic 
acid was clearly evident, indicating cleavage of the ester linkages 
of propyl and lauryl gallate had taken place after oral ingestion. 

The administration of tannic acid to rats by stomach tube (100 
mg per rat) yielded the same results as obtained when gallic 
acid was administered, in that 4-O-methyl gallic acid was the 
major metabolite excreted. An area corresponding to gallic 
acid was also located on the same chromatogram. No other 
metabolites including 3,4-dihydroxyphenolic and 3-methoxy-4- 
hydroxyphenolic compounds were detected. The sample of 
tannic acid used was not entirely free from gallie acid as judged 
by the two-dimensional chromatogram. However, the amount 
of 4-O-methyl gallic acid excreted could not be accounted for 
entirely by the small amount of gallie acid present in the tannic 
acid as an impurity. 

When pyrogallol was given to rats by stomach tube (50 mg 
per rat), there was no evidence of pyrogallol per se or metabolites 
thereof in the urine. 


Gallic acid was incubated with rat and rabbit liver slices in 
bicarbonate buffer (pH 7). The chromatogram of the ether 
extracts of the medium contained 4-O-methyl] gallic acid. No 
other metabolites such as vanillic acid or protocatechuic acid were 
detected. Similarly, 3-methoxy-2,4-dihydroxybenzoic acid was 
formed from 2,3,4-trihydroxybenzoic acid. Thus the results 
in vitro and in vivo are in agreement. 

Semiquantitative data on the excretion of 4-O-methyl gallic 
acid were obtained by a comparison of appropriate dilutions of 
the hydrolyzed urine of rats receiving gallic acid by stomach tube 
with known amounts of authentic 4-O-methyl gallic acid. After 
a 100-mg dose of gallie acid per rat by stomach tube or by intra- 
peritoneal injection, approximately 25% of the gallie acid given 
(23 mg) was excreted as the methylated derivative. When the 
amount of gallie acid given was reduced to 10 mg per rat, nearly 
50% (4.6 mg) was excreted as 4-O-methy] gallic acid. 

Rabiit Experiments—After adjustment to the special diet, 
New Zealand white rabbits weighing approximately 2 kg were 
fed this diet containing 0.5% gallie acid. Chromatograms of 
the ether extracts of the acidified urine contained 4-O-methy] 
gallie acid, pyrogallol, and an additional area on the chromato- 
gram suspected to be a conjugate. When this area was cut from 
an unsprayed chromatogram and hydrolyzed (2 nN HC! reflux for 
| hour), the ether extract of the hydrolysate was found to con- 
tain pyrogallol and 4-O-methy! gallie acid. As mentioned earlier, 
neither galliec acid nor 4-O-methyl gallic acid are decarboxylated 
under these conditions of acid hydrolysis. When the aqueous 
phase of the rabbit urine (urine minus ether solubles) was simi- 
larly hydrolyzed, both pyrogallol and traces of 2-O-methyl 
pyrogallol were readily detected on the chromatogram. 

The chromatographic evidence for the identification of 4-0- 
methyl gallie acid and pyrogallol was confirmed by their isolation 
from rabbit urine after feeding a diet containing 0.5% gallic 
acid. The urine was collected in acid (HCI) and extracted with 
ether in a liquid-liquid extractor for 24 hours. The ether extract 
was evaporated and the residue dissolved in a small volume of 
water made slightly alkaline with sodium bicarbonate. This 
aqueous solution was extracted with ether; pyrogallol was 
crystallized from this extract. The alkaline aqueous phase was 
then acidified, extracted exhaustively with carbon tetrachloride 
and with chloroform. These extracts were discarded. Then 
the aqueous phase was extracted with ether. This ether extract 
was chromatographed on several sheets of Whatman No. 1 filter 
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paper with chloroform-acetic acid-water (2:1:1; lower phase). 
The appropriate bands corresponding to 4-O-methy] gallic acid 
were eluted and the eluate rechromatographed on several sheets 
of paper with 20% KCl. Once again the appropriate bands 
were cut out and eluted. The eluate was reconstituted in a 
small volume of water, filtered over charcoal and Celite and 
crystals of 4-O-methy] gallic acid appeared upon standing. The 
two isolated metabolites had the same crystallographic measure- 
ments as synthetic pyrogallol and 4-O-methy] gallic acid respec- 
tively. 


DISCUSSION 


The major urinary metabolites of gallic, 2,3,4-trihydroxy- 
benzoic, and of 3-methoxy-4 , 5-dihydroxybenzoic acids are shown 
in Fig. 1. Additional metabolites may eventually be identified, 
particularly if other methods of detection are used. The results 
clearly indicate that O-methylation and decarboxylation are the 
reactions involved in the metabolic conversions of the adminis- 
tered compounds. It is interesting to note that the middle 
hydroxyl group of both gallic acid and 2,3,4-trihydroxybenzoic 
acid becomes methylated. This group is para to the carboxyl 
group in the case of gallic acid and meta in the case of 2,3,4- 
trihydroxybenzoic acid. This selective O-methylation prevents 
the formation from either compound of the potential ortho 
dihydroxy (catechol) configurations. Had O-methylation taken 
place on either of the outer hydroxyl groups, then a catechol 
configuration such as 3-O-methy] gallic acid, for example, would 
have been formed. In this case, further metabolic change 
leading to the expenditure of another methyl group would be 
expected, on the basis of previous experience with 3 ,4-dihydroxy 
phenolic acids (1). This prompted us to study the metabolic 
fate of 3-O-methyl gallic acid. As predicted, O-methylation of a 
second hydroxyl group occurred as evidenced by the appearance 
in the urine of two dimethoxy derivatives: syringic acid and 3 ,4- 
dimethoxy-5-hydroxybenzoic acid. On the other hand, when 
4-O-methy] gallic acid, which does not contain a catechol struc- 


ture, was fed, no further methylation was detected. It is 
PYROGALLOL SYRINGIC ACID 
HO CHO COOH 
2,3,4-TRIHYDROXY - HO 
BENZOIC ACID OCH, 
COOH 
HO OH fro, 
OH 3-O-METHYL 
GALLIC ACID GALLIC ACID 
HO COOH f-o, HO COOH 
HO HO 


HO COOH OCH, HO COOH 
3-ME THOXY- 
CHO 2,4-DIHYDROxY- 
BENZOIC ACID 


OH OCH, 
4-0-METHYL 3,4-DIME THOXY- 
GALLIC ACID 5-HYDROXYBENZOIC ACID 


Fic. 1. Chemical structures of major urinary metabolites 
identified after feeding gallic acid, 2,3,4-trihydroxybenzoic acid, 
and 3-O-methy] gallic acid. 
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tempting to generalize from these results that O-methylation is a 
preferred mechanism for the metabolism of acids containing a 
catechol nucleus. 

The observation that as much as 25% of the administered gallic 
acid is methylated would be expected to bring about an increased 
dietary requirement for methyl donors. This aspect of the 
metabolism of gallic acid is currently being investigated. 

None of the hydroxy] groups of gallic acid or tannic acid were 
removed (dehydroxylated). The paper chromatographic sys- 
tem used here would have detected such a reaction if it had 
occurred. In this respect our results with rats and rabbits 
differ from those obtained by Tompsett (4) with human beings 
since dehydroxylation would have to be involved to account for 
the reported excretion of 3,4-dihydroxy- and 3-methoxy-4- 
hydroxybenzoic acids after the ingestion of tannic acid. There 
is agreement concerning the excretion of pyrogallol by man (4) 
as well as by rats and rabbits. The fact that pyrogallol was 
found in the urine of rats after the intraperitoneal injection of 
gallic acid indicates that decarboxylation is not dependent on 
passage through the gastrointestinal tract. 

The use of lauryl and propy! gallate as food additives (anti- 
oxidants) is currently being practiced. Studies on the chronic 
toxicity of lauryl gallate did not indicate any deleterious effects 
when dietary levels up to 0.5% were fed to rats (12). In view 
of our finding of a major pathway for the metabolism and excre- 
tion of gallic acid by means of O-methylation, it is understandable 
that symptoms of choline deficiency would not be expected as 
long as the diet contains an adequate reserve of methyl! donors. 


SUMMARY 

O-Methylation resulting in the formation of 4-O-methy] gallic 
acid accounts for the major metabolite in the urine of rats or 
rabbits ingesting gallic acid, propyl gallate, lauryl gallate, or 
tannic acid. Decarboxylation accounts for a second metabolite 
identified as pyrogallol in the urine of rats receiving gallic acid 
by intraperitoneal injection or rabbits receiving gallic acid in the 
diet. 3-Methoxy-2,4-dihydroxybenzoic acid was the major 
urinary metabolite of rats given 2,3,4-trihydroxybenzoic acid. 
Syringic acid and 3,4-dimethoxy-5-hydroxybenzoic acid were 
identified as urinary metabolites of rats receiving 3-O-methyl 
gallic acid. 
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Phosphoglucomutase is present in tissue extracts of various 
organisms and catalyzes the interconversion of glucose 1-phos- 
phate and glucose 6-phosphate (1). The mechanism of this 
conversion was worked out for the crystalline rabbit muscle 
enzyme (2, 3) and consists of two reversible steps. In the 
forward reaction it involves the transfer of phosphate from 
phosphoenzyme to glucose 1-phosphate to yield glucose 1,6- 
diphosphate. In the second step, the glucosyl phosphate is 
transferred to the resulting dephosphoenzyme to produce glucose 
6-phosphate and phosphoenzyme. The phosphoenzyme is then 
available for a repetition of the cycle. 


Glucose 1-phosphate + phosphoenzyme 


Step 1 
Glucose 1 ,6-diphosphate + dephosphoenzyme 
Step 2 It 


Glucose 6-phosphate + phosphoenzyme 


It was possible to identify each component of the rabbit muscle 
enzyme system and derive the equilibrium constant of each 
step (3, 4). At pH 7.5 and 30° the constants for the first and 
second reactions were 4.58 and 3.76, respectively. The AF® of 
hydrolysis of the enzyme-phosphate bond was found to be about 
—3900 calories. Acid hydrolysis (5) as well as proteolysis of 
the phosphoenzyme (6) yielded phosphoserine or peptides con- 
taining phosphoserine. 

It was possible to purify phosphoglucomutase from bakers’ 
yeast and obtain it free from interfering enzymes, thus making 
it amenable for similar exploration. The properties and mecha- 
nism of action were found to be similar to those of the muscle 
enzyme. The following findings, reported below in detail, 
support this conclusion. For full activity the enzyme requires 
a metal-binding agent, Mg**, and glucose 1,6-diphosphate. 
When the enzyme reacts with glucose 1-phosphate or glucose 
6-phosphate, the products are glucose 1 ,6-diphosphate and de- 
phosphoenzyme. The latter is incapable of forming the di- 
phosphate from either of the two glucose monophosphates. 
Furthermore, dephosphoenzyme is also incapable of catalyzing 
the over-all reaction in the absence of glucose 1 ,6-diphosphate. 
However, it reacts with the diphosphate to yield glucose 6- 
phosphate, at which point it is phosphorylated, thereby becoming 
again capable of forming glucose 1,6-diphosphate by reaction 
with glucose 1- or glucose 6-phosphate. A preliminary account 
of this work appeared earlier (7). 

* This investigation was supported by research grant RG-5474 


from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 


EXPERIMENTAL 


Materials and Methods 


The source of the enzyme was bakers’ yeast (Fleischmann). 
Glucose 1-phosphate (Nutritional Biochemicals) was used for all 
enzyme assays in the purification procedures. It contained 
glucose 1 ,6-diphosphate in sufficient quantity to saturate the 
enzyme and thereby obtain full activity under the conditions of 
the assay. For the study of the enzyme mechanism, glucose 
1-phosphate, glucose 6-phosphate, and glucose 1 ,6-diphosphate, 
obtained from Schwarz Laboratories, were used. The glucose 
diphosphate preparation contained no glucose 1-phosphate and 
0.12 mole of glucose 6-phosphate per mole of the diphosphate. 
The monophosphate samples were free of any measurable glu- 
cose 1 ,6-diphosphate. 

Glucose 1-phosphate was assayed by its hydrolyzable phos- 
phate liberated by 1 Nn H.SO, in 3 minutes at 100° or by enzymatic 
conversion to acid-stable glucose 6-phosphate. The latter was 
measured with the combined glucose 6-phosphate and 6-phos- 
phogluconic dehydrogenase system as described below. Glucose 
1 ,6-diphosphate was assayed by its coenzymatic activity (3, 8) 
or as glucose 6-phosphate after acid hydrolysis in 0.1 Nn HCl for 
10 minutes at 100°. 

Enzyme activity measurements were made as previously 
described for the muscle enzyme and based on the disappearance 
of acid hydrolyzable phosphate under standard optimal condi- 
tions of glucose 1-phosphate 4 x 10-* M, glucose 1 ,6-diphosphate 
1.5 10-5 m, Mg** 1.2 Mo, histidine 4 10-* m, pH 7.5, 
and 30°. The unit of activity is expressed as milligrams of acid 
stable phosphorus produced in 5 minutes (1). Phosphorus was 
measured as the reduced molybdate with 0.05% semidine hydro- 
chloride (Eastman) (9). Because of the occasional presence of 
inhibitory substances in distilled water, deionized distilled water 
was used throughout this study. 

Purification Procedure—Air dried fresh yeast, 400 g, was 
autolyzed at 38° for 4 hours in 1000 ml of NazHPO,,7 x 107? a, 
containing 1 ml of toluene. It was then centrifuged at 13,000 x 
g for 10 minutes. The precipitate was extracted with 500 ml 
of the phosphate solution and centrifuged. The combined 
supernatants, about 900 ml, had a pH of about 5.5 and a specific 
activity of about 0.08 unit per mg of protein. Solid ammonium 
sulfate, 5.3 g per 100 ml, was added giving 0.1 saturation at 4°. 
Aliquots of 250 ml of this were then heated at 60° in a 90° water 
bath with constant stirring. The preparation was maintained 
at this temperature for 5 minutes and was then rapidly cooled 
in an ice bath. Further manipulations were performed at 4°. 
The resulting precipitate was separated by centrifugation. The 
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supernatant, which had a specific activity of about 0.25 unit, 
was raised to 0.6 saturation with solid ammonium sulfate, 30.1 g 
per 100 ml, and the precipitate discarded. The supernatant 
was then similarly raised to 0.7 saturation, by further addition 
of 6.2 g of ammonium sulfate per 100 ml. The precipitate ob- 
tained was dissolved in about 25 ml of 0.15 m acetate buffer, 
pH 5.0. The specific activity at this point was 0.8 unit. At 
this stage the enzyme could be stored for 3 months without loss 
of activity. The preparation was then dialyzed for 16 hours 
against three successive changes, 1 liter each, of 0.05 m acetate 
buffer, pH 5.0. Over half of the protein precipitated from the 
solution without loss of enzyme, thus raising the specific activity 
to about 2.0 units. To aliquots of 10 ml of the supernatant 
solution, containing 60 to 100 mg of protein, 2 mg of calcium 
phosphate gel (Sigma) were added per mg of protein. This was 
allowed to stand for 10 minutes with occasional stirring. Over 
half the protein, containing little or no enzyme, was adsorbed 
on the gel. The combined supernatant solution was then 
dialyzed overnight against 500 ml of 0.1 m sodium citrate buffer, 
pH 4.8. The adsorption procedure was then repeated in detail, 
except that alumina gel Cy was used. By contrast, 90% of the 
activity and about half of the protein were adsorbed on the 
centrifuged gel. The enzyme was then eluted twice, each with 
a half volume of citrate buffer, 0.05 m, pH 4.8, containing 15 g 
of ammonium sulfate per 100 ml. The combined eluates con- 
tained over half of the adsorbed enzyme and had a specific 
activity of about 9 units. A sample protocol is given in Table I. 

Properties of Enzyme-—Like the muscle enzyme, yeast phos- 
phoglucomutase requires for full activity, glucose 1,6-diphos- 
phate, Mg++, and a metal-binding agent (10). In the absence 
of Mg**, it is about 15% as active. Fig. 1 shows the activation 
at various magnesium concentrations, the maximum being at- 
tained at 1 to3 mM. Zn++, Mn**, and Co** also activate 
the enzyme but to a lesser degree than Mgt*+. Cat** and Al*+*+* 
are inhibitory. Fig. 1 also shows Zn** activation of the enzyme 
for comparison. 

Fig. 2 depicts the range of activity as affected by pH. Maxi- 
mal activity is attained at pH 7.5 in 0.04 m histidine. Complete 
suppression is observed at pH 5.0 or below, whereas at pH 8 
and above there is a precipitous decline in activity. This decline 
is not due to destruction of the enzyme during activity measure- 
ments since it is stable for hours at this pH. Maximal stability 
is, however, obtained at pH 5 in 0.15 m acetate buffer or in 
ammonium sulfate. 

The enzyme prepared according to the above procedure was 
free of glucose 1-phosphate transphosphorylase. The latter 
catalyzes the formation of glucose 1,6-diphosphate and glucose 


TABLE I 


Sample protocol for purification of phosphoglucomutase 
from bakers’ yeast 


units mg | units/mg 
3,250 39,000 0.08 
2,160 | 8,880 0.24 
3. Ammonium sulfate 0.7 fraction | | 
| 1,720 | 810 | 2.10 
4. Calcium phosphate and alumina | 
es | 800 87 9.20 
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Fic. 1. The effect of Mg** and Zn** on the activity of the en- 
zyme under otherwise standard optimal conditions (see text). 
Glucose 6-phosphate (G6-P) was taken as the amount of acid 
stable phosphorus formed. 
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Fic. 2. The effect of pH on the activity of the enzyme under 
otherwise standard optimal conditions (see text). Glucose 
6-phosphate (G6-P) was taken as the amount of acid stable phos- 
phorus. The pH was adjusted with NaOH or HCl. 


from glucose 1-phosphate (11). There was also complete absence 
of glucose 1-phosphate kinase which forms glucose 1 ,6-diphos- 
phate and ADP from glucose 1l-phosphate and ATP (12). 
Both of these interfering enzymes were eliminated at the third 
step in purification. The preparation, however, contained very 
active glucose 6-phosphate dehydrogenase and 6-phosphogluconic 
dehydrogenase. This property was quite useful for measuring 
glucose 6-phosphate when catalytic amounts, 5 to 10 yg of 
protein per ml of reaction mixture, were used. Two moles of 
reduced triphosphopyridine nucleotide were formed per mole of 
glucose 6-phosphate added. However, trace amounts of TPNH 
oxidase activity could be detected when the concentration of 
enzyme was 1 mg per ml or greater. 


MECHANISM OF ACTION OF THE ENZYME 


All experiments reported below were done with dialyzed frac- 
At this 


tions at 0.7 ammonium sulfate saturation (Step 3). 
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stage, the enzyme was entirely in the phospho form as judged 
by the lack of formation of glucose 6-phosphate when it was 
treated with diphosphate. 


Formation of Glucose 1 ,6-Diphosphate and Dephospho- 
enzyme through Interaction of Hexose Phosphate 
and Phosphoenzyme 

Formation of Glucose 1 ,6-Diphosphate—Substrate quantities 
of the enzyme were incubated for 30 to 60 seconds at 30° with 
either glucose 1-phosphate or glucose 6-phosphate under standard 
conditions of Mg** 1.2 « a, histidine 4 10-? m, pH 7.5. 
After incubation, the reaction tubes were placed in a boiling 
water bath for 5 minutes. After centrifugation, the supernatant 
solution was diluted with water or evaporated under reduced 
pressure to obtain the desired concentration of glucose diphos- 
phate for the appropriate assay. The amount of enzyme varied 
from about 1 to 20 units and the glucose phosphate from about 
0.01 to 0.4 umole per ml of reaction mixture. In all cases, the 
amount of glucose 1,6-diphosphate formed could readily be 
measured by its coenzymatic activity. With this method as 
little as 5 & 10-* umole could be measured with an error of 
+15%. Samples from over 25 preparations of the enzyme were 
tested and the formation of glucose diphosphate readily demon- 
strated. The coenzymatic activity of the diphosphate was 
completely destroyed by heating in 0.1 N HCl for 10 minutes at 
100°. This treatment hydrolyzes the glucosyl phosphate bond 
yielding stoichiometric amounts of glucose 6-phosphate. It 
was possible to identify and measure the latter with the com- 
bined dehydrogenase system. Tables II and III show repre- 
sentative data illustrating the synthesis of glucose diphosphate 
with glucose 1-phosphate for the forward reaction of Step 1 and 
glucose 6-phosphate for the reverse reaction of Step 2. 

Formation of Dephosphoenzyme—Dephosphoenzyme is formed 
with the transfer of phosphate from the enzyme to the glucose 
phosphate. At equilibrium both phospho- and dephospho- 
enzyme are present in the reaction mixture. It was, however, 
possible to convert all the enzyme into the dephospho form by 


Taste Il 


Formation of glucose 1,6-diphosphate through interaction of 
phosphoenzyme with either glucose 1-phosphate 
or glucose 6-phosphate 


One milliliter of the original reaction mixture consisted of 
Mg** 1.2 wmoles, histidine 40 gmoles, glucose phosphate, and en- 
zyme as indicated, pH 7.5; reaction time 1 minute; temperature 
30°; total volume 2to 3 ml. After hydrolysis in 0.1 N HCl, glu- 
cose 1,6-diphosphate was assayed as glucose 6-phosphate with the 
dehydrogenase system (see text). Control samples for each ex- 
periment consisted of corresponding aliquots handled identically 
but not hydrolyzed. The reaction was started by adding glucose 
phosphate and stopped by immersing in a boiling water bath for 
3 minutes. The supernatant solution was concentrated under 
reduced pressure for spectrophotometric measurements. 


Glucose 1.6- 


Experiment Enzyme Glucose phosphate® added diphosphate formed 

| 33(G-1-P) 3.2 

2 21 | 33 (G-6-P) 3.5 

3 | 15 17 (G-1-P) 2.2 

4 | 7 10 (G-6-P) 1.6 


* Glucose 1-phosphate, G-1-P; glucose 6-phosphate, G-6-P. 


E. E. McCoy and V. A. Najjar 3019 


Tas_e IIl 


Formation of glucose 1 ,6-diphosphate through interaction of glucose 
phosphate with dephosphoenzyme or rephosphorylated enzyme 


One milliliter of the reaction mixture consisted of glucose phos- 
phate and enzyme as indicated; total volume 1 to 3 ml. The 
reaction was started by adding the enzyme. Glucose 1,6-diphos- 
phate was measured by its coenzymatic activity with glucose 
diphosphate as standard. Control samples for each experiment 
were treated exactly as test samples except that the enzyme was 
heated for 3 minutes at 100° before additions were made (3). 
Other components and details as in Table II. 


| Glucose 1,6- 

Units of enzyme Glucose phosphate* added | diphosphate 
| formed 
myumoles mymoles 
Dephosphoen- 13.0 | 300 (G-1-P) | 0.00 
zyme 9.0 | 300 (G-1-P) 0.00 
2.4 | 200 (G-1-P) | 0.00 
Rephosphoryl- | 1.3. | 400 (G-1-P) 0.27 
ated enzyme 1.2 | 200 (G-1-P) 0.15 
| 1.3 200 (G-6-P) 0.09 
| 3.3 | 250 (G-6-P) 0.24 


* Glucose 1-phosphate, G-1-P; glucose 6-phosphate, G-6-P. 


repeated treatment with glucose 1- or glucose 6-phosphate, with 
dialysis after each treatment. The dephosphoenzyme so pre- 
pared was characterized by complete loss of enzymatic activity 
in the absence of glucose diphosphate and by its failure to form 
the diphosphate on reaction with glucose 1-phosphate as shown 
in Table III. It was not possible to measure the loss of phos- 
phate from the enzyme inasmuch as the enzyme preparation 
contained relatively large amounts of organic phosphates as 
contaminants. The dephosphoenzyme was also characterized 
by its ability to react with glucose diphosphate to produce glucose 
6-phosphate and phosphoenzyme. This is shown in Table IV. 
The enzyme can now act catalytically in the absence of added 
diphosphate. It is also capable of forming the coenzyme, by 
reaction with either glucose 1- or 6-phosphate (Table III). 

Fig. 3 illustrates graphically the difference in catalytic activity 
between phosphoenzyme and partially dephosphorylated enzyme. 
Dephosphorylation was accomplished as detailed above. Partial 
dephosphorylation was obtained by two treatments with glucose 
l-phosphate. Here activity measurements were carried out 
under identical conditions with the same mixture. However, 
the units of activity were assayed as usual with saturation 
amounts of glucose diphosphate (3, 4). Another characteristic 
property of the dephosphoenzyme is its relative instability as 
compared to the phospho form. Fig. 4 shows that the phospho- 
enzyme retains most of its activity in 0.15 mM acetate buffer, pH 
5.0, at 4°. Under the same conditions the dephosphoenzyme 
loses activity steadily. 


Formation of Glucose 6-Phosphate and Phosphoenzyme through 
Interaction of Glucose 1 ,6-Diphosphate with Dephosphoenzyme 


Formation of Glucose 6-Phosphate—Dephosphoenzyme was 
prepared from phosphoenzyme in the manner described above 
and used previously (3, 4). The preparation was brought to the 
desired concentrations by evaporation in a dialysis bag at 4°. 
The reaction was carried out under standard conditions with 
glucose 1,6-diphosphate to start the reaction. In the amounts 
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used, the dephosphoenzyme contained excess amounts of glucose 
6-phosphate dehydrogenase and 6-phosphogluconic dehy- 
drogenase. It also contained traces of TPNH oxidase activity. 
Under these circumstances, it was possible to measure the TPNH 
formed spectrophotometrically at 340 my within 20 to 30 seconds 
after the addition of the diphosphate and subsequently after 15 
to 20 minutes upon complete oxidation of the reduced nucleotide 
by extrapolation to zero time. In this reaction 2 moles of 
TPNH were formed per mole of glucose 6-phosphate. Table 
IV shows the amount of glucose 6-phosphate formed when 12 to 
16 units of dephosphoenzyme react with 12 to 24 mumoles of 
glucose diphosphate per ml of reaction mixture. By contrast, 
glucose 6-phosphate is not detectable when phosphoenzyme is 
used 


Formation of Phosphoenzyme—The rephosphorylated enzyme, 
formed by reacting glucose diphosphate and dephosphoenzyme, 
was dialyzed for 3 days against 0.04 m histidine, pH 7.5. It was 
then characterized by its ability to form the diphosphate when 
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Fic. 3. A comparison of the reaction rates of an enzyme prep- 
aration before (O) and after (@) partial dephosphorylation. 
The latter was accomplished by treating 20 units of enzyme two 
successive times, each with 2 wmoles of glucose 1-phosphate at 
standard optimal conditions followed by dialysis for 24 to 48 
hours against histidine 0.04 m, pH 7.5, at 4°. 

For rate measurements the reaction mixture consisted of glucose 
1-phosphate 2.0 wmoles containing no diphosphate, Mg 1.0 umole, 
histidine 20 wmoles, enzyme 0.2 unit; pH 7.5; in a total volume of 
0.5 ml; temperature 30°. The reaction was started by adding the 
enzyme. It was stopped at the times indicated by adding 1 ml of 
5.N HSO,. 


Phosphoenzyme 


Dephosphoenzyme 


PERCENT ACTIVITY 
O 


- 


DAYS AT 4°C. 


Fic. 4. The relative stability of the phospho and dephospho 
forms of the enzyme in 0.15 m acetate buffer, pH 5.0, at 4°. Ac- 
tivity measurements were made at standard optimal conditions 
(see text). 


3020 Phosphoglucomutase Mechanism 


10 5 20 25 


Vol. 234, No. 11 


TaBLe IV 
Formation of glucose 6-phosphate from interaction of glucose 
1 ,6-diphosphate and dephosphoenzyme as compared to its 
lack of formation from phosphoenzyme 

One milliliter of reaction mixture consisted of glucose 1,6- 
diphosphate and enzyme as indicated. The enzyme preparation 
also contained excess quantities of glucose 6-phosphate and 
6-phosphogluconic dehydrogenases as well as traces of TPNH 
oxidase; Mg** 1.2 wmoles; histidine 40 wmoles; TPN 0.25 smole; 
pH 7.5; temperature 24°; total volume 1 to 1.3 ml. The reaction 
was started by the addition of glucose 1,6-diphosphate and fol- 
lowed at 340 my (3). Optical density measurements were made 
before and 20 to 30 seconds after the addition of diphosphate, 
then every minute thereafter until no further reduction of optical 
density was observed. Known amounts of glucose 6-phosphate 
added to this system could be readily measured quantitatively 
(see text). 


nite ot | | 
— added formed 
mypmoles mpmoles 
Dephosphoenzyme | 16.2 12 4.4 
16.2 24 4.6 
16.2 12 5.0 
12.5 24 3.3 
12.5 24 3.2 
Phosphoenzyme 9.0 24 0.0 
9.0 | 24 | 0.0 
V 


Stimulation of reaction rate with dephosphoenzyme and glucose 
1 ,6-diphosphate addition 

Table V shows the stimulation of the reaction rate when de- 
phosphoenzyme or glucose 1,6-diphosphate were added to 0.080 
and 0.052 mumole of phosphoenzyme respectively. One milliliter 
of reaction mixture consisted of glucose 1-phosphate 4 wmoles, 
Mg** 1.2 uwmoles, histidine 40 wmoles, pH 7.5; at 30°. Incubation 
time 5 minutes; other additions as indicated. Glucose 6-phos- 
phate was taken as the amount of acid stable phosphorus formed. 
The molar concentration of enzyme was based on one unit being 
equivalent to 0.267 mumole (see ‘*Discussion’’). 


Effect of dephosphoenzyme addition Effect of glucose 1,6-diphosphate addition 


Glucose 6-phosphate | | Glucose 6-phosphate 
Dephospho- formed | Glucose formed 
added Bapestment Experiment addex Raperiment | Rapestment 
| | | | 

myumole mymoles/min | mpmole myumoles/min 
None 4 80 | None | 56 65 
0.026 0.024 OS 103 
0.050 118 0.048 122 129 
0.074 122 0.096 187 164 
0.102 152 0.120 232 | 200 
0.128 


reacted with glucose 1-phosphate or glucose 6-phosphate. This 
is shown in Table IIL. 

In the usual reaction, involving conversion of glucose 1-phos- 
phate to glucose 6-phosphate, the concentration of the enzyme 
is naturally much lower than that of the substrate. It follows 
that the concentration of glucose 1 ,6-diphosphate formed in the 
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process is considerably smaller than that of the substrate. In 
the over-all reaction, therefore, the second step can be shown 
to be rate limiting. This step can be readily accelerated by the 
addition of either of the two reactants; glucose 1 ,6-diphosphate 
or dephosphoenzyme. It is through this increased forward rate, 
which would be proportional to the product of the concentration 
of the reactants, that glucose 1,6-diphosphate exercises its 
coenzymatic effect. 

Table V shows that with the addition of comparable amounts 
of glucose diphosphate or dephosphoenzyme, the stimulation of 
the rate of conversion of glucose 1- to glucose 6-phosphate is of 
the same order of magnitude. 


DISCUSSION 


By analogy with the muscle enzyme, it can be assumed that 
the yeast enzyme has only one transferable phosphate group 
per mole. On this basis, it was possible to measure the molar 
concentration of the enzyme under study and thereby calculate 
the equilibrium constants of the two steps. This was done by 
converting all the enzyme to the dephospho form and carrying 
out the reaction of the second step with excess glucose 1 ,6- 
diphosphate. The glucose 6-phosphate formed is removed by 
the combined dehydrogenase system. All the dephosphoenzyme 
is thereby phosphorylated. The amount of phosphoenzyme 
formed would correspond, on a molar basis, to the glucose 6- 
phosphate oxidized or half the TPNH formed. On this basis, 
it was estimated from Table IV that each unit of enzyme corre- 
sponds to an average of 0.267 mumole of enzyme. 

The values in Table II, representing equilibrium states of the 
forward reaction of Step 1 and the reverse reaction of Step 2, 
were used for the estimation of the equilibrium constants in the 
following manner. The units of enzyme were converted to 
mumoles. The sum of glucose 1- and 6-phosphate is equivalent 
to the quantity of monophosphate added less the diphosphate 
formed. At equilibrium, glucose |-phosphate and glucose 6- 
phosphate are present in a ratio of 5.5 to 94.5. From this, 
actual values of the hexose phosphates were calculated. Further, 
the amount of dephosphoenzyme present at equilibrium is equal 
to the amount of glucose diphosphate formed. The phospho- 
enzyme remaining would then equal the quantity of enzyme 
added less the dephosphoenzyme formed. On this basis, the 
equilibrium constant for the second step k2, equaled 6.5, 4.78, 
5.16, and 0.84 for Experiments | to 4, respectively. Eliminating 
the aberrant value of 0.84, the average value for the first three 
constants of k_ = 5.48 and hk, = 3.14 were obtained; the over-all 
K for the whole reaction being 17.2. These values are comfort- 
ably close to the equilibrium constants obtained for the muscle 
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enzyme, k; = 3.76, k, = 4.58. Thus, the standard free energy 
change in the second step would be about —1000 calories as 
compared to —800 calories for the muscle enzyme. The free 
energy of hydrolysis of the enzyme phosphate bond would be 
correspondingly close, approximately AF® = —3700 calories as 
compared to —3900 calories for the muscle mutase. These 
differences fall within the error of measurements in this system. 


SUMMARY 


A method for purifying phosphoglucomutase (100- to 150-fold) 
from bakers’ yeast is described. The properties and the mecha- 
nism of action of the yeast enzyme were found to be similar to 
those of the corresponding crystalline rabbit muscle enzyme. 
The catalytic action occurs in two distinct steps during which 
the enzyme alternates between a phospho and a dephospho form. 
The latter is relatively less stable. 

When glucose 1-phosphate alone is used as substrate with 
catalytic amounts of phosphoenzyme, the second step can be 
shown to be rate limiting. The addition of either glucose 1 ,6- 
diphosphate or dephosphoenzyme in comparable amounts results 
in a stimulation of the rate of the reaction to a comparable degree. 

On the assumption that the yeast enzyme, like the muscle 
enzyme, possesses one transferable phosphate per molecule, the 
molar concentration of the enzyme was determined and the 
equilibrium constants for the two steps calculated. These were 
found to be close in value to those obtained for the muscle 
enzyme. 
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In passing through the surface of mammalian erythrocytes, 
the common monosaccharides evidently make use of a special 
“carrier” system (1-6) which is strongly inhibited by phloretin, 
the aglucon of phlorhizin (2, 7). In most species, the activity 
of this mechanism subsides to a vestigial level shortly after 
birth (8), but in man and some other primates it is peculiarly 
persistent in the adult. This system is often cited as the clearest 
example of that type of membrane transport which has been 
designated as “facilitated diffusion’ (9) or as the “reaction- 
diffusion type” (10). A process with comparable properties has 
been described in the free cells of the mouse Ehrlich ascites tumor 
(11, 12) and the Gardner lymphosarcoma (13). 

Recently it has been found that some other diphenolic com- 
pounds, notably diethylstilbestrol, are comparable to phloretin 
as reversible inhibitors of sugar transport through the human red 
cell membrane (14). In showing far greater sensitivity to this 
type of molecule than to related glucosides, this sugar-carrier 
system differs diametrically from the truly active sugar transport 
process in the renal tubule: in the latter system, not only is 
phloretin relatively inert (15-17), but a comparative study of 
many homologues points to the heteroside linkage as one of 
the molecular structural necessities for phlorhizin-like glucosuric 
activity (18). On the other hand, the type of comparative 
sensitivity seen in the red cell system has been reported also for 
at least two other biological processes: phosphorylation in the 
course of glycogenolysis in rabbit muscle (19), and multiplica- 
tion of many varieties of bacteria (20). For both of these, 
phlorhizin is quite inactive, but the aglucon is strongly inhibitory ; 
stilbestrol also is reported to exert strong general bacteriostatic 
action (21). Moreover, kidney phosphatase is reported to be 
3 to 4 times as sensitive to phloretin as to phlorhizin (22). 

The degree of inhibition by phloretin of sugar permeation in 
human red cells was previously shown (2) to depend systemati- 
cally on the sugar concentration, in the manner expected if the 
inhibitor competes directly with the sugar for a limited number 
of carrier sites on the cell membrane. This kinetic analysis im- 
plied a rather tight binding of the drug, as expressed in a phlore- 
tin-carrier-complex apparent dissociation constant in the micro- 
molar range.! Examination of the characteristics of this 


* Research supported by the United States Atomic Energy 
Commission. 

1 The originally reported figure of about 4.5 4m (2) was based on 
use of a commercial preparation of phloretin later found to be 
grossly contaminated with inert material. Purification by pre- 
cipitation with water from ethanolic solution gave a product 
which was spectrophotometrically and eutectically indistinguish- 


apparent binding was therefore undertaken as a potential guide 
toward understanding of the sugar-carrier combination, and the 
nature of the membrane sites involved. The present report 
concerns the direct demonstration of a reversible attachment of 
the most active inhibitors to the red cells, and some implications 
arising from examination of factors influencing this attachment. 


METHODS 


Human blood obtained by venipuncture was either defibrinated 
with glass rods, or treated with ethylenediaminetetraacctate, 
citrate, or heparin. When not used on the same day, the blood 
was stored at 2-4°. Just before use, cells separated by centrifu- 
gation were taken through at least three successive washes in 
relatively large volumes of the artificial medium before final 
suspension. In the course of such preparation, a major fraction 
of the white cells was discarded. 

The medium routinely used was a mixture of the chlorides of 
Na, K, Ca, and Mg in the molar ratio of about 150:6:3:2, 
buffered at pH 7.4 with 32 mm _ tris(hydroxymethyl)amino- 
methane, and with a total tonicity of 300 to 305 milliosmoles per 
liter as determined with the Fiske osmometer. In the studies 
involving variation in pH, other buffers were used in this same 
basic electrolyte mixture, as noted in the legend of Fig. 2. The 
Cambridge Instrument pH meter was used for all pH determina- 
tions, 

The inhibitory compounds were obtained from K & K Labora- 
tories with the following exceptions: diethylstilbestrol U.S.P. 
powder from Suffolk Drug Supplies and Surgical Company, 
naringenin generously donated by Sunkist Growers Products 
Department, and phlorpropiophenone which was prepared by 
condensation of phloroglucinol and propionitrile (23). Many 
of these compounds were nearly insoluble in water, and were 
first taken up either in a small volume of concentrated NaOH 
which was neutralized with HC] after dilution in the medium, or 
in a minimal volume of ethanol subsequently diluted in the 
medium to at most 2 volume % (usually less than 0.5 volume %). 
The presence of such quantities of ethanol did not measurably 
alter either the fixation of the drugs by the cells, or the potency 
of the compounds as inhibitors of sugar transport. The latter 
potency was estimated in terms of the delay of glucose exit from 
the cells in the standard test previously adopted (14). 

Ultraviolet spectrophotometry of the supernatant media from 


able from better commercial preparations, and showed the same 
carrier-complex apparent dissociation constant of about 2.5 uM, at 
pH 7.4. 
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centrifuged human red cell suspensions proved to be a simple and 
adequate means for following the removal by the cells of such 
compounds added to the medium. The spectrum of phloretin 
in aqueous media has been thoroughly studied (24), and those 
of stilbestrol and hexestrol proved not to differ markedly at 
ordinary pH ranges from those reported for alcoholic solutions 
(25); the other related compounds showed comparable peaks in 
the range of 280 to 290 my. With cuvettes of l-cm optical 
path, analysis was feasible down to levels approximating the 
apparent half-saturation points kinetically indicated for the 
most powerful inhibitors. 

No isolation of the drugs from the supernatant solutions be- 
fore analysis was undertaken. Ether washes, such as used to 
extract such agents from urine (26), are cumbersome and subject 
to uncertain losses; and standard precipitation methods for 
removal of products leaking from the cells into the suspension 
medium proved also to take out appreciable fractions of the 
agents under study. Therefore, absorption by the contaminants 
at the wave lengths used for the drug analyses was taken into 
account by parallel readings at a higher wave length (usually 
412 my) at which the drugs did not appreciably register. A 
Beckman DK-2 ratio-recording spectrophotometer was used for 
preliminary scanning in this connection to ascertain the most 
useful wave lengths and to establish the simple additivity of the 
component absorptions throughout the range employed. The 
actual calibrations and analyses were then carried out with the 
more precise Beckman DU spectrophotometer. In nearly all 
instances, the correction necessary for the cell products at the 
drug’s absorption peak was only a minor contribution to the 
total optical density reading. 

The ultraviolet absorption spectra of certain of the agents were 
distinctly sensitive to small pH changes in the physiological 
range, 80 that the samples were routinely treated with a fixed 
quantity of NaH.PO,, bringing the mixture to about pH 4.8, 
in order to stabilize the absorption behavior of the drug under 
study. 

Conventional cell counts were carried out in a Levy hemacyto- 
meter chamber, and the relative volume of packed cells (in the 
initial concentrated suspensions) determined in capillary tubes 
in an air-turbine microcentrifuge (27). Concentrations of 
materials in or on the cells are expressed in terms of one or the 
other of these measures. 


RESULTS 

The basic expectation of a strong reversible attachment be- 
tween the red cells and the most active inhibitors was readily 
verified by the direct analytic approach. However, there was 
no evidence of the saturation behavior anticipated by the pre- 
sumption of a fixed number of sites of high affinity. In fact, 
no meaningful limit at all could be demonstrated in the number 
of inhibitor molecules with which a cell could be loaded. This is 
illustrated for phloretin in Fig. 1, which shows a reasonably 
constant, high distribution ratio (cells:medium) at all phloretin 
concentrations from the lowest adequately measurable (about 
2 um)? up to near the solubility limit (about 0.25 mm). This 


? At the lowest drug concentrations, the correction for absorp- 
tion by the contaminants of course became proportionately larger, 
as reflected in the high scatter of the points in Fig. 1 at the lower 
range. Consequently, other techniques are being adopted for 
further study at these levels where the specific inhibitory attach- 
ment may be expected to be demonstrable. 
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MOLS PHLORETIN/LITER MEDIUM 


Fig. 1. Distribution of phloretin between human erythrocytes 
and medium. Four different experiments indicated by four types 
of symbols. Cells were suspended at 1.5 to 3 volume % in stand- 
ard medium, at pH 7.3 to 7.4. 
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Correlation of comparative firation to red cells with potency of related 
agents as inhibitors of sugar transport 


i; 
Phloretin............ 35-50 100 
0 1.2 
Phlorpropiophenone. | 6-8 7 
2-3 0.2 
Stilbestrol........... | 70-90 160 


* Reciprocals of approximate millimolarity at level producing 
50°, inhibition in standard test system (14). 


distribution was attained so rapidly that even at 2-4° the time 
course could not be properly studied by ordinary centrifugal 
separation of the cells; the fall in supernatant phloretin level 
was already about 80% completed when centrifugation was 
begun immediately upon mixing the drug with the suspension. 
The final distribution at 2-4° was identical with that in the same 
medium at 27°. 

Similar behavior was observed with the other inhibitors struc- 
turally related to phloretin; Table I lists the approximate parti- 
tion ratios for each*® of this group of compounds previously re- 
ported as significantly active (14). 

In the hope of developing a clue as to the nature of the physico- 
chemical binding which may be presumed to underlie the cellular 
fixation of these transport inhibitors, alteration of the equilibrium 
distributions was attempted by modification of the medium. 


3? The only analogue of significant activity for which no distri- 
bution data can be given here is dienestrol; ‘‘solutions’’ of this 
agent at concentrations feasible for these experiments proved to 
be finely dispersed suspensions even when appreciable concen- 
trations of ethanol were present. Such preparations changed 
progressively in the course of an experiment, so that analyses 
were essentially uninterpretable. 
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Ca*+ has been found to retard the slow progressive hemolysis 
of human red cells by stilbestrol (28); but the attachment of these 
drugs did not appear to involve in any way the electrolytes in 
the medium. Omission or excess of Ca**+, Mg**, or K*, or 
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CELL : MEDIUM DISTRIBUTION RATIO 


NUMBERS ON CURVES 
ARE pH VALUES 


OPTICAL DENSITY 


340 360 380 


270 280 290 300 320 


Fic. 2a. Effect of hydrogen ion concentration on phloretin 
attachment to human erythrocytes. Distribution ratio is the 
phloretin concentration ratio in terms of unit volumes of packed 
cells or medium. A——A, cells at 0.9 volume %; original phlo- 
retin concentration, 6 X 10~§ m; buffer: 32 mM tris(hydroxymeth- 
yl)aminomethane (Tris). O---O, cells at 1.7 volume %; original 
phloretin concentration, 1 X 107-4M; buffers: 13.6 mM Tris, 5.6 mm 
acetate, 5.7 mm borate, and bicarbonate up to 6.3mm. ©@----@, 
cells at 1.8 volume %; original phloretin concentration, 1.2 X 10-4 
M; buffers: 9.1 mm Tris, 5.7 mM acetate, and bicarbonate up to 6.5 
mM. O---O, cells at 1.4 volume %; original phloretin concen- 
tration, 1 X 10-4; buffers: 12 mm Tris and 4.9 mM acetate. 

b Effect of hydrogenion concentration on ultraviolet absorp- 
tion spectrum of phloretin, showing keto-enol tautomerism. 
Phloretin concentration, 3.69 X 10-5 mM; buffers: 15.2 mm Tris, 
9.5 mM acetate, and bicarbonate up to 25mm. Optical density of 
1 cm of solution is shown on left ordinate scale; corresponding 
molecular extinction coefficient, on right ordinate scale. 
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addition of ethylenediaminetetraacetate, or replacement of all 
electrolytes (except the buffer) by sucrose, led to no detectable 
change in the distribution. Moreover, addition of glucose even 
up to twice the isosmotic level, which on the basis of kinet- 
ically determined dissociation constants would be expected 
to displace nearly all of the inhibitor attached at the glucose- 
transfer sites, did not measurably alter phloretin fixation. Be- 
cause of the marked inhibitory action on sugar transfer shown 
by some sulfhydryl reagents, and the inactivity of others (29), 
a number of these were also examined, but none found to be 
consequential. 

Only one parameter tested proved to influence the phloretin 
distribution significantly; this was the hydrogen ion concentra- 
tion. The marked dependence on pH in the physiological range 
is shown in Fig. 2a; a shift of one pH unit toward the acid side 
doubled or tripled the cell:medium concentration ratio, but on 
the alkaline side the ratio fell precipitously. At pH 9 there was 
virtually no uptake by the cells at all. The inhibitory potency 
of phloretin in the sugar-transfer system showed this same 
pattern of pH-dependence. The special suggestiveness of this 
particular pattern is appreciated by reference to Fig. 2b; this 
shows the changing ultraviolet spectrum of phloretin at various 
H* concentrations, which has been attributed to the keto-enol 
tautomerism of this compound (24). The peak at 284 mu, 
taken to represent the ketonic form, varies inversely with the 
enolic peak at 320 mu. The height of the ketonic peak closely 
parallels in its pH-dependence the cell: medium distribution ratio 
and the inhibitory potency of the phloretin. This clearly sug- 
gests that it is the ketonic form which is in direct equilibrium 
with the cell-fixed material, the enolic form being unable as such 
to attach appreciably to the cell sites involved. This interpreta- 
tion of the correlation is supported by the fact that hexestrol and 
stilbestrol, which do not display any such tautomerism in the 
physiologically significant pH range, are correspondingly insensi- 
tive to pH in respect to their fixation to the cell and their potency 
as inhibitors of sugar movements; whereas the weaker inhibitors 
which share phloretin’s pattern of tautomerism (naringenin, 
phlorpropiophenone, phloroglucinaldehyde) also show a parallel 
relation between pH and their cellular fixation. 

However, it is plain that the atomic grouping involved in this 
tautomerism does not in itself provide the essentials for the 
attachment process, since nearly identical ultraviolet spectral 
changes are shown by the glucoside phlorhizin (30), which does 
not appear to attach to the cells perceptibly at any tolerable pH, 
and is of only questionable inhibitory potency. 


DISCUSSION 


The finding that the proportional distribution between cells 
and medium does not depend systematically on the drug concen- 
tration over the range studied implies that the sites of inhibition 
of the sugar transport must represent only a tiny fraction of the 
potential sites for phloretin attachment, since the inhibition 
kinetics show that the transport sites are saturated even near 
the lower end of this concentration range. A corollary implica- 
tion is that the fixation at the “carrier” loci is much tighter than 
at the nonspecific sites. A major difference between the two 
sets of sites is probably also shown in the failure of overwhelming 
doses of glucose to displace grossly the drug from the cells; 
however, as Bowyer and Widdas (31) have pointed out, it is 
possible that the inhibitor may act by combining not directly 
at the glucose site, but at an adjacent point where it tends 


wien 


\ 
90 q \ f 
| 
80 a. \ 
9 (a ) : 
& 
t 
70 
| 
60 
50 Q\: 
| 
40 
30 
| 
20} 
4 5 6 7 8 9 Te) 
pr 
.8 9.8) 
20,000 
| (b) 
6 6.12 
15,000 
| 7.35 
7.84 10,000 
3 65 
2 5000 
ir NN 
| 
| 
7 


November 1959 


sterically to interfere with glucose adsorption, and thus could 
conceivably show competition kinetics while not being actually 
displaced by excess glucose. It is clear from the data of Table 
| that, in comparing the various compounds, the relative degree 
of fixation to the cells runs fairly parallel to the inhibitory 
potency. Similarly, the alterations in gross drug attachment 
with pH were always accompanied by corresponding changes in 
the activity of the sugar-transfer system. Thus, although the 
inhibitory sites do show a distinctively high tenacity, their 
comparative reactivity seems to be indistinguishable from that 
of the nonspecific sites. 

Since both experimental estimates given in Table I for each 
compound are subject to a fairly large uncertainty, it appears 
that a comparison of the inhibitory activities at a given cellular 
load would show no noteworthy differences between the several 
analogues. The 50% inhibition level in the standard test system 
is seen to correspond to a cellular fixation of the general order of 
5 to 10 * 10-* mole of inhibitor per liter of cells, or about 50 
million molecules per cell.‘ This strongly suggests that the 
wide range of apparent “inhibitory potencies” is in a sense a 
secondary reflection of differences in the degree to which the 
several drugs become fixed to the cells, rather than to intrinsic 
differences in effectiveness at the site. 

The experiments do not show whether the cells are actually 
penetrated by the drugs. The high speed of the attachment, 
together with the fact that the material is readily released back 
into the medium upon resuspension, suggests that the bulk 
of the attachment is at the cell surfaces. On the other hand, the 
sheer quantity of material which can be involved weighs against 
this: the uptake shown in Fig. 1 amounts to approximately 2 
million molecules of phloretin per cell per micromolar unit of 
concentration in the suspending medium. Thus, at the upper- 
most levels shown, each red cell carried on the order of half a 
billion molecules of the drug, an amount which, if entirely super- 
ficial, could approximately cover the entire cell with a mono- 
laver.® 


‘The glucoside phlorhizin is the one analogue for which the 
degree of fixation at a standard inhibitory level appears to be 
markedly out of line: even when much higher concentrations of 
cells were used than in any experiments with the other com- 
pounds, no measurable attachment whatever of phlorhizin could 
be demonstrated. Lambrechts (32, 33) has previously shown that 
in dog blood phlorhizin is completely restricted to the plasma, 
both in vivo and in vitro; in this case, the plasma proteins were 
found to have associated with the drug. The apparent small 
activity of phlorhizin, however, might be entirely attributable to 
its contamination with, or hydrolysis into, a small proportion of 
phloretin; Kalckar (22) has suggested such hydrolysis as the basis 
for phlorhizin’s action on kidney phosphatase. In the present 
experiments, the apparent effectiveness of phlorhizin could be thus 
accounted for if only 1 to 2% of the nominal content had been 
hydrolysed. Fixation of a fraction of such a small component 
(with the same ultraviolet characteristics as the parent substance) 
would not have been noticeable in the analyses. 

* A largely intracellular fixation is also suggested by the fact 
that erythrocyte “‘ghosts,’’ prepared by hypotonic hemolysis, 
washed, and reconstituted in isotonic media, bind much less 
phloretin than do the intact cells from which they are prepared. 
However, if the comparison is made in terms of residual hemo- 
globin content or the volume of packed material in the micro- 
hematocrit, the phloretin-fixing capacity of such ghosts exceeds 
that of the intact cells. Extrapolation from observations on a 
series of partially depleted ghosts suggests that a completely 
hemoglobin-free stroma would show about 15% of the phloretin- 
fixing capacity of the whole cell. 
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The high inhibitory activity in the sugar-transfer system of 
some of the diphenolic synthetic estrogens raises the question of 
the possible involvement of such cellular permeation by carbo- 
hydrates in the estrogenic action of these compounds; but there 
is no consistent parallel in potency ratings of the various homo- 
logues in these two respects. Although definite alterations in 
blood sugar levels and urinary sugar losses in animals on various 
stilbestrol or hexestrol regimes have been noted frequently 
(34-41), even the direction of these changes depends on the 
experimental details. The reported relations are clearly too 
complex to be accounted for by any simple competitive inhibi- 
tion of membrane transfer of sugars in the renal tubule or else- 
where. 

With such high cell: medium concentration ratios as found here 
for the strongest inhibitors, it becomes important, in analyzing 
experiments in vitro with such agents, to consider whether the 
amount of fixed drug constitutes a significant fraction of the 
total quantity present, since the effective dose then becomes 
dependent on the relative amounts of tissue used in different 
runs or samples. Thus, Reilly’s finding (42) that the depression 
of dehydrogenase activity in cat heart homogenates by a given 
nominal concentration of stilbestrol was greater, the less tissue 
used per flask, is almost certainly attributable to this considera- 
tion. No appreciable reassessment of apparent dissociation 
constants of these inhibitors in the red cell’s sugar-transfer system 
is indicated, however, because of the extreme dilution of the cell 
suspensions required in the Orskov densitometric procedure used 
in this work, 


SUMMARY 


1. Human red cells rapidly and reversibly bind phloretin, 
stilbestrol, and similar compounds which display strong competi- 
tive inhibition of the monosaccharide carrier system in the red 
cell membrane. 

2. This binding proceeds to approximately the same distribu- 
tion ratio throughout a very wide concentration range, extending 
far above the level at which the inhibitory kinetics show virtual 
saturation of the transfer sites; these specific sites thus constitute 
only a very small fraction of the total population of inhibitor- 
fixing sites, but are distinguished by a much higher tenacity. 

3. Differences in cell:medium distribution ratio among the 
several related sugar transport inhibitors parallel the differences 
in their inhibitory potency, so that both types of sites show the 
same comparative specificity. 

4. Those agents in which keto-enol tautomerism is shifted by 
pH changes in the physiological range show corresponding pH 
dependency in their fixation to the cells and in their inhibitory 
potency, such as to suggest that only the ketonic form is directly 
reactive with the cells. 

5. The cellular binding of these inhibitors is unaffected by the 
ionic constitution of the suspension medium, the presence of 
unrelated sugar transport inhibitors of the sulfhydryl inactivat- 
ing type, or addition of massive concentrations of a competing 
transported molecule (glucose). 
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Although it has been known for more than a decade that the 
volume of isolated mitochondria is inversely related to the os- 
molarity of the surrounding medium (2, 3), it was not until 1955 
that Tedeschi and Harris (4) demonstrated that mitochondria 
obey Boyle-van’t Hoff’s Law. Since then, supporting evidence 
for the osmotic behavior of these subcellular structures has been 
ample (5, 6). In 1957 and 1958, however, it was shown that 
sucrose, the customary solute for a mitochondrial suspending 
medium, entered the mitochondria (7-9). In this paper, the 
results of parallel measurements of mitochondrial sucrose per- 
meability and volume changes are presented. These results 
offer a resolution to the apparent contradiction that mitochon- 
dria behave as osmometers and yet are permeable to sucrose. 
Whereas the evidence indicates that sucrose does penetrate 
mitochondria to a certain extent, the space inaccessible to sucrose 
obeys Boyle-van’t Hoff’s Law, behaving as an ideal osmometer 


EXPERIMENTAL 


Methods 


Homogenization and Isolation of Mitochondria—Male rats 
‘Holtzman Rat Company, Madison, Wisconsin), weighing 250 
to 325 g and fed ad libitum, were used. They were killed by 
cervical section and bled; five rats were used in each experiment. 
The livers were pooled and placed in 0.30 M sucrose at 0-2°; this 
medium and temperature were used throughout the preparative 
steps. (All subsequent steps were at 0-5°.) No ethylenedi- 
aminetetraacetic acid was included in the medium since its pres- 
ence appeared to reduce the yield of mitochondria and to increase 
the “fluffy layer’ (10). A glass and Teflon homogenizer of the 
Potter-Elvehjem type was used. The 10% homogenate was 
centrifuged for 16 minutes at 600 x g to remove whole cells, 
debris, and nuclei. (The Servall superspeed refrigerated centri- 
fuge, rotor SS-1-R with tube angle of 34° was used throughout 
these studies.) The supernatant fraction was centrifuged for 12 
minutes at 7250 x g to sediment the mitochondria. On resus- 
pension and resedimentation, the fluffy layer above the mito- 
chondria was removed. After this wash, a mitochondrial stock 


* Supported by United States Publie Health Service Grant No. 
A-1489. The authors are indebted to Dr. T. Hoshiko for help in 
the theoretical aspects of this study. A short report (1) of this 
work has appeared. 

+t Postdoctoral Research Fellow of the United States Public 
Health Service (CF-3154-C4). Present address, Department of 
Anatomy, Albert Einstein College of Medicine, New York 61, 
New York. 

tSenior Research Fellow (SF-163) National Institutes of 
Health, United States Public Health Service. 


3027 


suspension was prepared which contained the mitochondria from 
2 g of liver (wet weight) per ml of suspension. 

Swelling in Hypotonic Sucrose—A 2-ml sample of the mito- 
chondrial stock suspension (0.30 mM sucrose) was delivered to 
each of a series of heavy glass centrifuge tubes containing 10 ml 
of a sucrose solution of appropriate molarity. After mixing, the 
final sucrose concentrations were 0.05 m, 0.075 m, 0.12 mM, and 
0.30 mM. The tubes were centrifuged for 65 minutes at 27,000 x 
g. With such centrifugation even the most swollen pellets were 
tightly packed. The supernatant solutions were poured off and 
the inner walls of the tubes were blotted with filter paper. These 
were the “test”? pellets whose sucrose and total spaces were de- 
termined as described below. With an Ostwald pipette, 200 ul 
of a sucrose-C™ stock solution of matching molarity were de- 
livered to each tube. (Uniformly labeled sucrose-C™ from Nu- 
clear-Chicago Corporation was made up in 0.30 m nonlabeled 
sucrose. This solution plus water dilutions of it comprised the 
sucrose-C™ stock solutions.) The addition of the sucrose-C™ 
stock solutions was made slowly while the tip of the pipette was 
used to resuspend the pellet into a smooth paste. The tubes 
were centrifuged again for 65 minutes at 27,000 x g. 

Pellet Sucrose Spaces—With Lang-Levy pipettes, duplicate 50 
ul samples were withdrawn from the supernatant solution above 
the pellet in each tube. These were plated on filter paper disks 
in planchets. In the same manner, duplicate 50 ul samples of 
each of the sucrose-C™ stock solutions were also plated in each 
experiment. The activities of the sucrose-C™ stock solutions in 
counts per minute per 50 wl were as follows: 0.30 mM, 2750; 0.12 
M, 1135; 0.075 m, 755; 0.05 m, 505. The activities were deter- 
mined with a Nuclear-Chicago Corporation gas flow counter 
(model D47) and accessories. The isotope dilution (ratio of the 
activity of the sucrose solution after contact with the pellet to 
the activity before contact) ranged from 0.50 to 0.65. This 
figure divided into 200 ul gave the total volume available to the 
added sucrose solution after mixing with the mitochondria 
pellet. This volume minus the 200 ul of radioactive sucrose it- 
self which was added to the pellet, equaled the sucrose space, 
that is, the sucrose-accessible volume of the pellet water. This 
sucrose space included, of course, the extraparticulate volume of 
the pellet. 

Pellet Total Spaces—The pellets resulting from the last centri- 
fugation were used for wet and dry weight determinations. After 
withdrawal of the two 50-ul aliquots of each supernatant solu- 
tion for counting of radioactivity, the tubes were capped with 
Parafilm, brought to room temperature, and then weighed. 
Drying to constant weight in a vacuum oven at 100—-110° fol- 
lowed. The wet weight-dry weight difference of a tube repre- 
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sented the weight of water in the test pellet plus that due to 
incomplete removal of the supernatant solution. From the 
specific gravity of the particular sucrose solution used and its 
molarity, the weight of this supernatant water could be calcu- 
lated and subtracted from the wet weight-dry weight difference, 
giving a corrected value for the weight of water in the test pellet 
alone. Taking the density of water as 1.00, this weight was 
converted to units of volume, giving the total space, that is, the 
total volume of the pellet water.!. This total space included the 
extraparticulate volume, the intramitochondrial sucrose-acces- 
sible volume, and the intramitochondrial sucrose-inaccessible 
volume of the pellet. The sucrose space of the same pellet in- 
cluded only the first two of these volumes. Thus subtraction 
of the sucrose space from the total space gave the sucrose-inac- 
cessible space, that is, the sucrose-inaccessible volume of the 
pellet water, which is assumed to be entirely intramitochondrial. 


RESULTS 


Incompleteness of Sucrose Permeability—Table I shows the 
large percentages (66 to 80%) of total pellet water volumes to 
which sucrose had access.2 Extraparticulate spaces determined 
indirectly as reported below were 23 to 33% of total pellet water 
volumes. Thus it seems extremely doubtful that these pellet 
sucrose spaces are entirely extramitochondrial. 

Mitochondrial sucrose spaces were calculated from the pellet 
sucrose spaces of Table I, by means of appropriate corrections 
for extraparticulate space. Values from 60 to 70° were ob- 
tained. The mean value of 65% agrees well with the mean 
value of 58% obtained by Werkheiser and Bartley (7), that of 
54% obtained by Amoore and Bartley (8), and similar values 
reported by Amoore (9). Whether expressed as mitochondrial 
space or as pellet space, however, the sucrose space is in each 
case less than 100% of the total space, demonstrating the exist- 
ence of a sucrose-inaccessible space, which is presumably intra- 
mitochondrial. 

Osmotic Behavior of Sucrose-inaccessible Space—It is hardly to 
be expected that the sucrose-accessible space would behave as an 
osmometer in sucrose solutions of varying concentration. How- 
ever, if the sucrose-inaccessible space obeys Boyle-van’t Hoff’s 
Law, the osmotic pressure being inversely proportional to the 
volume, then a plot of this volume against the reciprocal of the 
osmolarity of the medium (equal to sucrose molarity) should be 
a straight line passing through the origin. 

Fig. 1 is a plot of sucrose space and total pellet space against 
the reciprocal of the osmolarity. The sucrose space is seen to 
increase slightly as the mitochondria swell in hypotonic sucrose. 
Probably the intramitochondrial sucrose space (or osmotic dead 
space) is constant (cf. 12) and this small rise is entirely due to 


1 This procedure underestimates the total volume of the aqueous 
phase of the pellet, due to dissolved sucrose and intramitochon- 
drial substances. For the case of 0.30 m sucrose, the highest con- 
centration used, the error is 6°%. 

2 The pellets of Table I are all in 0.30 m sucrose since such per- 
centage sucrose spaces are comparable only when the osmolarities 
of the pellet media are the same. Whereas the extramitochondrial 
sucrose space theoretically (cf. 11) remains a constant percentage 
of the total pellet space as mitochondrial volume changes with 
changing osmotic pressure of the medium, it cannot be assumed, 
as has been done by others (8), that any intramitochondrial su- 
crose space also remains a constant percentage. The simpler and 
more usual case is that the value for the osmotic dead space is 
considered a constant absolute number and thus a variable per- 
centage of the total volume of the osmometer studied (12). 
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TaBLeE I 
Sucrose permeability of mitochondrial pellets 


Centrifugation conditions were as described under Swelling in 
hypotonic sucrose in ‘“‘Experimental,’’ except that in experiment 
No. 1 the mitochondria were centrifuged for 14 minutes and in 
experiment No. 2 the mitochondria in nonlabeled sucrose were 
centrifuged for 20 minutes and in sucrose-C'* for 60 minutes. 


Sucrose space* — Sucrose space 


Experiment No. Total spacet ‘Fotal space x 100 
yl ul 
1 229 344 67 
297 344 66 
2 150 | 187 80 
| 
3 110 | 155 71 
4 129 174 74 
130 176 74 


* 0.30 mM sucrose-accessible water volume of the mitochondrial 
pellet. 

7 Total water volume of the mitochondrial pellet in 0.30 
sucrose. 
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Fic. 1. Mitochondrial pellet total space and sucrose space as 
functions of sucrose osmolarity. 
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Fic. 2. Osmotic behavior of the sucrose-inaccessible space of 
mitochondria in sucrose solutions. 
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the increase in extraparticulate absolute volume as the mito- 
chondrial spheres swell; theoretically the percentage of the total 
pellet volume which is extraparticulate remains constant with 
swelling (cf. 11). When both lines are extrapolated back they 
are seen to meet at the ordinate, indicating that at infinite os- 
molarity the sucrose-inaccessible volume is zero, since the sucrose 
space and the total pellet space are identical. 

Fig. 2 is derived from Fig. 1, with the total pellet space minus 
the sucrose space plotted against the reciprocal of the sucrose 
osmolarity. The plot is a straight line, which upon extrapola- 
tion passes through the origin. Clearly then, the sucrose-inacces- 
sible volume is inversely proportional to the osmotic pressure of 
the medium, behaving as an ideal osmometer according to Boyle- 
van’t Hoff’s Law. 

Table II presents an arithmetic test of adherence to Boyle- 
yan’t Hoff’s Law (#V = A) for three experiments (cf. 12). The 
deviation from ideal osmotic behavior is random and relatively 
small considering the manipulations of the mitochondria that are 
involved in these experiments. 

Determination of Extraparticulate Space of Mitochondrial Pel- 
lets*—Let V,» equal the sucrose-accessible space of the mito- 
chondrial pellet. Then, 


Vep = Ve + Vem (1) 


if V, and V,,, represent, respectively, the extraparticulate (or 
intermitochondrial) space and the sucrose-accessible space of the 
mitochondria. The total pellet space is V. + Vin + V., in 
which V, is the osmotically active, or sucrose-inaccessible space 
of the mitochondria. On the assumption that as the external 
osmolarity is changed, V, remains as some constant fraction @ of 
the total pellet space (cf. 11), we can write 


Ve. = alV, + Ven + 


from which 


— Va + — (2) 
l—a 


a 
Substituting Equation 2 into Equation 1 and simplifying, yields 


Ve => 
a 

which defines a in terms of the experimentally determined quan- 
tities V,,, V., and Vm. Lf we assume that V,,,, the sucrose- 
accessible (or osmotically inactive) space of the mitochondria, is 
constant with changing external osmolarity (cf. 12), then Equa- 


tion 3 defines a straight line of slope —— : 


In Fig. 3 are plotted values of V,,, taken from Fig. 1, and V, 
for the corresponding osmolarity, taken from Fig. 2. The points 


fall on a straight line of slope 0.38. Therefore, — = 0.38 


anda = 28%. Intwo other experiments values of 23% and 33% 
were obtained. Thus the mean value from three experiments 
for the extraparticulate volume of mitochondrial pellets was 28% 
of the total pellet water volume over a range of external sucrose 
concentrations from 0.30 m to 0.05 M. 

The indirectly determined mean value of 28% agrees well 
with the theoretical value of 26% for closest possible packing of 
spheres (ef. 11), and with direct measurements of extramitochon- 


* Method suggested by Dr. T. Hoshiko. 


S. Malamed and R. O. Recknagel 
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Tas_e Il 
Test for constancy of xV according to Boyle-van’t Hoff’s law 
Centrifugation conditions were as described under Swelling in 
hypotonic sucrose in ‘“‘Experimental,’’ except that in experiment 
No. 1, the mitochondria in nonlabeled sucrose were centrifuged 
for 20 minutes, and in sucrose-C"* for 60 minutes. 


Experi- | | Experiment 
ment Experiment “~~ | Experiment 
Nos. 1, No. No. 2 No. 3 

| | No.1 | No.2 | No.3 
| vel | vt | | vt | 

% | % | % 
0.300 11.1) 45 13.5) 45 | 13.5 |-26.0, -3.8 
0.125 | 120 15.0 106 | 13.2 | 135 | 16.9 0 +6.5 +21.7 
0.075 236 17.7 157) 11.8 | 166 | 12.5 414.7 —4.8—10.7 
0.050 | 327 | 16.4 | 223 | 11.2 | 266 | 13.3 | +9.3) -—9 7 —5.0 


* + represents the osmotic pressure expressed as the sucrose 
molarity. 

t V represents the sucrose-inaccessible water volume of the 
mitochondrial pellet. Duplicate values for V in experiment No. 
3 appear in parentheses as follows: 45 (46), 166 (169), 266 (267). 

t The percentage deviations from constancy are calculated 
from the mean value for +V for each experiment. 
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Fic. 3. Indirect measurement of extraparticulate space by a 
plot of sucrose-accessible space (ul) of the mitochondrial pellet 
against the osmotic (sucrose-inaccessible) space (ul). The slope 


of the line is ~ , where a@ is the extraparticulate space, assumed 


to be some constant fraction of the total space. 
for the slope, a is determined. 


From the value 


drial spaces using carboxypolyglucose-C™ (7, 8). Other pre- 
liminary data on labeled carboxypolyglucose space gave variable 
but generally higher values.‘ 


DISCUSSION 


Our results offer a resolution to a contradiction which has 
arisen from osmotic studies of isolated rat liver mitochondria. 
The apparent contradiction stemmed from the evidence that 
mitochondria behave as osmometers in sucrose solutions, and 
yet they are permeable to sucrose. Tedeschi and Harris (4) 
showed that swelling is reversible and that mitochondria obey 
Boyle-van’t Hoff’s Law if an osmotic dead space of 40 to 50% 
is assumed. Results from opacimetric and hematocrit methods 
of measuring swelling (5), and from studies of colloid osmotic 


*S. Malamed and L. Share, unpublished data. 


at | 
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swelling (6) were confirming evidence of osmotic behavior. On 
the other hand, analyses with the resorcinol reaction showed that 
mitochondria were permeable, albeit partially, to sucrose (7-9). 
This incomplete permeability has been confirmed by other direct 
measurements (as opposed to inferences from swelling studies) 
with the isotope dilution method as reported above, and with 
the anthrone reagent.° 

The imperfectness of the osmotic behavior and the partial 
sucrose permeability of mitochondria suggested that the osmotic 
dead space and the sucrose space are identical, or in other words, 
that all of the sucrose-inaccessible space behaves as an ideal] 
osmometer according to Boyle-van’t Hoff’s Law. This has been 
shown for the range of external sucrose concentrations from 0.05 
m to 0.30 M in this report and thus has reconciled the osmotic 
properties and the sucrose permeability of populations of mito- 
chondria isolated from rat liver. 

In the light of the foregoing, the implied view of Tedeschi and 
Harris (4) that the osmotic dead space represents solids, seems 
dubious. It may also be pointed out that if the data of Amoore 
and Bartley ((8), Table 10, experiments 1 to 4) are plotted as in 
Figs. 1 and 2 of this paper, it is seen that the total mitochondrial 
water increases linearly with decrease in osmolarity, but this 
rise is paralleled by a rise in the sucrose-available water. Sub- 
traction yields values for sucrose-inaccessible water which are 
constant with changing osmolarity. The absence of osmotic 
behavior may have been due to the range of sucrose concentra- 
tions used, which was higher than that of this study. 

The evidence that a population of mitochondria has both a 
sucrose-accessible and a sucrose-inaccessible space can be inter- 
preted in two ways. Either each mitochondrion consists of two 
(or two kinds of) chambers, or the population consists of two 
kinds of mitochondria, one kind impermeable to sucrose, and the 
other kind permeable, perhaps through damage in isolation (cf. 
7, 8). Data is not yet available for choosing among these two 
hypotheses or some combination of them, but the one involving 
the two-chambered mitochondrion is consistent with the exten- 
sive morphological findings from electron micrography (13). 
Although the inner and outer membranes lie close together along 
much of the mitochondrial periphery, the shelf-like infoldings or 
cristae of the inner membrane ((13), Fig. 4) may bound a rather 
small inner chamber whose volume is similar to the sucrose-in- 
accessible or osmotic space. The cristae then might permit 
swelling without change in surface area, by turning inside out, 
as in the usual description of the biconcave erythrocyte mem- 
brane (14). Rigorous serial section electron micrography is 
needed to test these inferences. It may be more difficult to find 
out if the outer membrane is leaky and the inner one is selectively 
permeable, thus permitting sucrose, pyruvate, succinate, citrate 
(cf. 9), and carboxypolyglucose® to enter the outer mitochrondrial 
chamber between the two membranes but not to pass into the 
inner chamber to which water and certain nonelectrolytes (cf. 4) 


5S. Malamed and R. O. Recknagel, unpublished data. 

6 In several preliminary experiments (S. Malamed, unpublished 
data), labeled carboxypolyglucose pellet spaces were large enough 
compared to indirect measurements of extraparticulate spaces to 
suggest the possibility that even this substance of average molec- 
ular weight of 50,000 (cf. 8) partially enters the mitochondria. 
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have access (cf. 15). In any case, sucrose, which has been pre- 
sumed to enter the normally impermeable mitochondrion (5) 
when carbon tetrachloride or inorganic phosphate is present (6), 
should now be more accurately considered as entering that osmotic 
part of the volume of a mitochondrial population which sucrose 
does not penetrate in the absence of these agents. Whether it is 
in all these mitochondria or only in some of them, the membrane 
which surrounds this sucrose-inaccessible space is the semi- 
permeable membrane of Tedeschi and Harris (4), the membrane 
responsible for retension of endogenous citrate (16), and is the 
sucrose-impermeable membrane (5) which is attacked by carbon 
tetrachloride and by inorganic phosphate in the colloid osmotic 
swelling experiments of Recknagel and Malamed (6). 


SUMMARY 


1. Parallel measurements were made of the sucrose perme- 
ability and the osmotic behavior of isolated rat liver mitochondria 
at 0-5°. Pellet sucrose spaces and total pellet spaces were de- 
termined by the isotope dilution method and from pellet water 
contents, respectively. From these volumes, extraparticulate 
spaces were derived mathematically. 

2. For the case of mitochondria in 0.30 m sucrose, the pellet 
sucrose spaces were 66 to 80% but extraparticulate spaces were 
only 23 to 33% of total pellet water volumes. Thus about two- 
thirds of the intramitochondrial water volume is permeable to 
sucrose. 

3. In hypotonic sucrose, all of the mitochondrial space which 
sucrose does not enter adheres to Boyle-van’t Hoff’s Law, be- 
having as an ideal osmometer. 

4. Thus, the apparent contradiction between mitochondrial 
sucrose permeability and osmotic behavior is considered resolved 
through study of both the sucrose-accessible and the sucrose- 
inaccessible space of mitochondrial pellets. Two possible struc- 


tural bases for this heterogeneity are discussed. 
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Early work on oxidative phosphorylation (1, 2) and more re- 
cent studies of the high degree of respiratory control obtainable 
in isolated mitochondria (3-5) raise the question of whether these 
phenomena can be observed in the living cell where the mito- 
chondria are in their physiological environment. Of particular 
interest is the over-all phosphorylation efficiency which may be 
inherently low in the yeast cell (a P:O!' ratio of 1.15 (0.4 per 
phosphorylating site) has been proposed (6)) or may be damaged 
in the tumor cell (7). Observations of mitochondria isolated 
from veast cells also suggest low phosphorylation efficiencies 
(0.4 per site (8)), and it is only recently that high efficiencies 
have been obtained with mitochondria prepared from ascites tu- 
mor cells (0.7 per site (2); but ef. (10)). Mitochondria isolated 
from solid tissues give, under a wide range of conditions, a P:O 
ratio that corresponds to 0.9 per site (5, 11, 12). Although 
damage to the mitochondria during isolation (5) or rapid de- 
phosphorylation during measurements in vivo (6) may explain 
the low ratios, it is of considerable importance to evaluate criti- 
cally the phosphorylation efficiency in vivo in order not only bet- 
ter to understand the energetics of intracellular processes, but 
also to indicate the degree to which the results for the isolated 
systems apply to metabolism in vivo. This paper and a com- 
panion paper (13) deseribe three approaches to this problem. 

The first of these methods is a direct chemical determination 
of the glucose-oxygen stoichiometry and phosphate-oxygen stoi- 
chiometry during the initial phases of glucose utilization (14). 
Provided the chemical pathways for glucose utilization are those 
proposed here and elsewhere? (15, 16), this method gives an oxi- 
dative phosphorylation efficiency of the mitochondria of intact 
ascites tumor cells that closely corresponds to the best values 
obtained in mitochondria isolated from any tissue (0.9 per phos- 
phorvlating site). The second is the spectroscopic method for 
localizing, in the respiratory chain of the intact cell, the sites at 
which interactions with ADP oceur (13). The third method 
stems from the observation that a high respiratory control ratio 
(i.e. ratio of respiratory rates in the active and resting states of 
the cells) implies a high phosphorylation efficiency in vivo. Ex- 
amination of these three methods for determining the phos- 


* This research has been supported in part by grants from the 
American Cancer Society and the Deutsche Forschungemein- 
schaft. 

t While at the Johnson Foundation, partially supported as a 
Visiting Fellow, American Cancer Society. 

‘ Ratio given in atoms. 

* B. Hess and B. Chance, in preparation. 


phorylation efficiency of the intact cell suggests their applica- 
tion not only to the tumor cells, as described here, and to normal 
cells, but also to a study of characteristics of mitochondria in 
situ under special states of cell metabolism: for example, in hy- 
perthyvroid and other conditions where a decrease of phosphoryla- 
tion efficiency might occur (17, 1S). 


EXPERIMENTAL 


Hyperdiploid Ehrlich ascites tumor cells were treated as de- 
scribed in full elsewhere (19). Briefly, they were harvested on 
the seventh day after inoculation, freed from erythrocytes by 
differential lysis or differential centrifugation, and suspended in 
an isotonic saline phosphate medium (19). The reactions were 
studied at 20°. The glucose-oxygen titrations were measured 
in two ways. At “high glucose’ concentrations (10.0 mM), di- 
rect chemical determinations of glucose utilized in 20 seconds 
were carried out by a modification of the Hagedorn-Jensen 
method reported by Garbade (20) and were compared with 
polarographic determinations of the oxygen utilization by the 
rotating platinum microelectrode ((21), cf. Table I]). At “low 
glucose’ concentrations (0.1 mM), which were smaller than the 
intracellular ATP store but greater than the A,, of hexokinase 
and hence may well have been completely phosphorylated, the 
glucose utilization was assumed to be equal to the initial 
glucose concentration. Phosphate was determined by the 
method of Fiske and SubbaRow (22, cf. 20). The wet weight 
of the cells was converted to cell number by the factor, 10° cells 


per mg. 
RESULTS 


The general principle of the experiments for determining the 
phosphorylation efficiency of the intact ascites cell is indicated in 
Fig. |. Glucose activates the glucose-phosphorylating enzymes 
which are supplied with ATP from the cytoplasmic reservoir, 
(ATP store 1) (14-16). The ADP so formed activates the res- 
piration of the mitochondria which are already supplied with 
excess substrate and inorganic phosphate, but which lack ADP 
when metabolizing endogenous substrate. The duration of the 
activated phase of oxygen utilization is limited in one of two 
ways, depending upon the amount of glucose added and the 
relative sizeof ATP store 1. In the first, in which the amount of . 
glucose added is less than the amount of ATP available from the 
reservoir (“low glucose’’), the duration of activated respiration 
depends upon the glucose concentration. In the second, in which 
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Pyruvate 


Fic. 1. Diagram of some interactions of the glucose-oxygen 
pathway that are activated immediately upon addition of glucose 
to ascites cells. 


yMoles| glucose 
04- added 
03- ° 
Ol- 
005 O10 O15 pAtoms 
Oxygen utilized 


Fic. 2. Effect of a variation of the added glucose concentration 
upon the amount of oxygen consumed in the activated phase of 
respiration. 40 mg. of cells, 1 ec. volume, 20°, saline phosphate 
medium. 


the amount of glucose exceeds the available ATP (“high glu- 
cose’’), the interval of activated respiration is limited by the time 
taken to expend AT'P store 12 

An important aspect of the initial phase of glucose utilization 
is the failure of ATP formed in oxidative phosphorylation to feed 
back to glucose phosphorylation. This retention of newly 
formed ATP at the site of oxidative phosphorylation is indicated 
schematically in ATP store 2. A detailed discussion of this phe- 
nomenon appears elsewhere (14-16, 23, 24). 

In computing the results of these experiments, we have 
taken advantage of the fact that P:O values in excess of 3 for 
the oxidative phosphorylation of isolated mitochondria have not 
been observed; t.e. P:O < 3. Experimentally, the values for 
the glucose-oxygen ratio are obtained and inserted in the equa- 
tion: 


(glucose/oxygen)/(glucose/P) = P:O < 3 (1) 


A calculation of the P:O ratio requires the glucose-phosphate 
ratio. Whereas phosphate can be determined chemically, the 
amount of glucose added is used in the calculations and not the 
amount of glucose consumed, since a chemical measure of glu- 
cose is difficult at low concentrations. 

Under different experimental conditions, where the glucose- 
phosphate value is not directly determined, the pathway of glu- 
cose and ADP utilization is examined to determine what steps in 
the glycolytic pathway give a net ADP formation (glucose /ADP) 
that will satisfy the inequality above. 

Glucose-Oxygen Ratio at “Low Glucose’ Concentrations—The 
polarographic method has been used to determine the relation- 
ship between oxygen utilization in the glucose-activated phase 
of respiratory metabolism and the initial glucose concentration 
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(25). The method of calibrating the platinum microelectrode is 
given elsewhere (4). The results are plotted in Fig. 2, which il- 
lustrates a linear relationship between the uwmoles of glucose 
added and the watoms of oxygen utilized during the activated 
phase. In such experiments, typical accelerations of respiration 
upon glucose addition are 2-fold, and typical inhibitions (com- 
puted with respect to the activated rate) are ~10-fold. At “low 
glucose” concentrations, oxygen utilization is dependent upon 
the amount of glucose added, provided the glucose concentration 
is lower than the cytoplasmic store of ATP (store 1). Thus, 
averaging the data in terms of the ratio of moles of glucose to 
atoms of oxygen, we find a value of 2.6:1 for Fig. 2. 

To define the pathway over which this metabolic interaction 
occurs, experiments similar to those of Fig. 2 have been repeated 
in the presence of 0.8 mM iodoacetate, which has been found in 
independent studies to be adequate to inhibit glyceraldehyde 3- 
phosphate dehydrogenase in these cells (Table I). Under these 
conditions, the glucose-oxygen ratio has an average value of 
2.7:1, from which it is apparent that glycolytic phosphorylations 
play no part in this interaction and that the diagram of Fig. 1, 
in which these phosphorylations are omitted, is substantially 
correct in this respect. 


TABLE I 


Effect of iodoacetate (0.8 mm) on oxygen utilization 
caused by addition of low glucose concentration* 


| 
Experiment No. | Added glucose | Determined change Ratio 
nmotes/sample watoms/sample moles glacose/ 
1 0.30 | 0.13 2.3 
2 | 0.40 | 0.16 | 2.5 


3 | 0.50 | 0.15 | 3.3 


i 


0.5 pMoles Glucose 


Moles inorganic phosphate 


w- 


2 

time (min) 

Fic. 3. Phosphate utilization by ascites tumor cell suspension 

in response to addition of two concentrations of glucose. In the 

rapid phase of respiration, approximately 0.25 and 0.5 wmole of 

phosphate are utilized for 0.25 and 0.5 wmole of glucose, respec- 

tively. The fast rate of utilization is 1.5 wmoles per liter per sec- 

ond for a volume of 10 ce. 2.5 gm. of cells, 20°, saline phosphate 
medium, 


—_ 
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TaBLe II 


Glucose-oxrygen ratio at ‘‘high glucose’’ concentrations (10 mmoles); 
analysis carried out 20 seconds after glucose addition* 


Experiment No. 1 | 2 3 “So | 6 | 7 8 
Ratio (moles glu- | | | | 
cose/atoms oxygen) 3.3) 2.5 | 1.7 2.2 2.7 | 2.0 2.0 | 3.7 


* Experimental conditions similar to Fig. 2. 


Glucose-Phosphate Ratio—As indicated by Fig. 1, an amount 
of phosphate equivalent to the amount of glucose added should 
be utilized. This has been verified in the two experiments illus- 
trated in Fig. 3. For these, the ascites tumor cells were sus- 
pended in a phosphate-free medium so that analysis of the cells 
would show the disappearance of the intracellular phosphate 
caused by glucose addition. Under these conditions, Fig. 3 
shows the kinetics of phosphate disappearance during glucose 
utilization for 0.25 and 0.50 umole of glucose. A comparison of 
the seale of the ordinate with that of the initial glucose concen- 
tration added shows a phosphate utilization of about 0.25 and 
0.5 wmole corresponding to an approximately 1:1 glucose-phos- 
phate stoichiometry, confirming the pathways of Fig. 1. 

An interesting effect is that the phosphate level is not steady 
after the utilization of glucose but rises again, presumably due 
to dephosphorylation processes such as the formation of glyco- 
gen or the dephosphorylation of a-glycerophosphate. This de- 
phosphorylation rate is less than 15 per cent of the phosphoryla- 
tion rate and would therefore not cause an appreciable error in 
the glucose-phosphate ratio. 

Glucose-Oxygen Ratio at “High Glucose’ Concentrations—Refer- 
ring again to Fig. 1, it is possible to add glucose concentrations 
which exceed the store of ATP available for glucose phosphoryla- 
tion. Addition of excess glucose will result not in continuous res- 
piration but in an amount of oxygen utilization proportional to 
the ATP store. The glucose-oxygen ratio is determined under 
these conditions and a summary of the results is indicated in 
Table II. Here the analysis is made 20 seconds after the addi- 
tion of glucose, when a portion of the cytoplasmic ATP store 
has been expended. The average glucose-oxygen ratio is 2.5:1. 


DISCUSSION 


At “low glucose” concentrations, the glucose-phosphate ratio 
is 1:1 and the glucose-oxygen ratio is 2.6:1. From Equation 1 
above, the P:O ratio is 2.6:1. The glucose-oxygen ratio is about 
the same for iodoacetate-treated cells. Independent spectro- 
scopic observations show that reduced pyridine nucleotide be- 
comes more oxidized when glucose is added to cells that have been 
treated with iodoacetate (23). These data appear to confine the 
pathways contributing to the phosphorylation efficiency to the 
following equations: 


Glucose + — Glucose 6-phosphate™~ + ADP* + H* (2) 


H* + ADP® + — ATP® + (3) 
Glucose + HPO, ~ — Glucose 6-phosphate"~ + H,O (4) 


Since the stoichiometry of the reaction is unaffected by iodoace- 
tate, the glycolytic phosphorylations are not important. If in 
the given time interval a further phosphorylation of glucose oc- 
curred to give stoichiometric amounts of fructose 1 ,6-diphos- 
phate, the glucose-phosphate ratio would be 1:2 instead of 1:1 
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as observed. A rapid dephosphorylation process, for example, in 
the pentose phosphate shunt, appears inconsistent with the 
phosphate values measured in Fig. 3. There is, however, the 
possibility that some glucose 6-phosphate activates the pentose 
phosphate shunt and forms TPNH and ribose 5-phosphate in 
the tumor cell (26). Although such a reaction would explain 
the lack of further phosphorylation of fructose 6-phosphate by 
phosphofructokinase, the absence of measurable reduction of 
pyridine nucleotide in the iodoacetate-treated system does not 
afford support for this idea. Therefore, the possibility of res- 
piratory activation by a transient increase and decrease of TPNH 
concentration in the cytoplasm, with possible transhydrogenase 
activation of DPNH, is also made unlikely. 

The direct Embden-Meyerhof pathway as well as the oxida- 
tive degradation of glucose 6-phosphate seem to be ruled out, 
but it is nevertheless observed at low glucose concentrations 
that fructose 1,6-diphosphate accumulates.2 Thus we are led 
to consider the participation of the nonoxidative transaldolase- 
transketolase transformation of fructose 6-phosphate. There is 
enough evidence that enzymes involved in such a group transfer 
are highly active in these cells (27). The reactions are freely 
reversible, implying a minimum change of AG’ (28). Also, the 
activity of the pathway as an alternative to the oxidative degra- 
dation of glucose 6-phosphate has been described (29, 30). 
Further support for this theory is provided by the fact that a 
low activity of phosphofructokinase has been described in these 
cells (31). Therefore, it is most probable that the fructose 
6-phosphate formed at these very low glucose concentrations 
(~0.2 mM) is insufficient to activate phosphofructokinase, but 
sufficient to react with erythrose 4-phosphate or other partners, 
and thus to give the relatively high fructose 1 ,6-diphosphate 
concentration observed.? Since the level of ribose 5-phosphate 
(determined as ribose*) is in the range of 4.0 wmoles per gr. wet 
weight in the cells under endogenous conditions, there is pre- 
sumably a store of shunt metabolites available for further re- 
action. 

It should be noted that steady-state action of any of the usual 
metabolic cycles in the first minute after the addition of a low 
glucose concentration to the “glucose-starved” cell is very un- 
likely since insufficient concentrations of the essential intermedi- 
ates can be formed in this time. We are here considering the 
transient response of the metabolic cycles, and it is apparent that 
the various pathways are not fully activated by these low glu- 
cose concentrations and in the short times of measurement. 
The very small amount of glucose added is metabolically diluted 
by degradation into various branches of metabolism. It is ap- 
parently the ADP-sensitive respiratory chain that first picks up 
the “signal” that glucose phosphorylation has occurred (cf. Fig. 
1) and phosphorylates ADP to ATP without measurable inter- 
ference from other pathways. 

Another factor to be considered in the P:O calculation is 
whether the ADP production which was causing respiration be- 
fore glucose addition continues during glucose utilization and 
therefore requires a correction to the measured oxygen utiliza- 
tion. It has been found that the addition of a “low glucose” 
concentration is as effective in halting endogenous respiration as 
is a “high glucose” concentration (25). Thus, it appears that 
only a small decrease of the intracellular ATP concentration is 
required to diminish utilization of endogenous ATP and thereby 
endogenous respiration. We have here calculated the glucose- 


* B. Hess, unpublished results. 
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oxygen ratio on the basis of the total respiratory activity, not 
on the basis of “extra’”’ activity. If the latter basis were used, 
the ADP:O ratio would be ~5:1,a value exceeding that observed 
in isolated mitochondria. 

In studies of oxidative phosphorylation of isolated mitochon- 
dria that are not tightly coupled, the P:O ratio is also computed 
on the basis of total respiratory activity, not on the basis of the 
“extra” respiratory activity caused bysADP addition (4). 

Although chemical experiments appear to have defined the 
pathway of glucose and ADP utilization, the number of phos- 
phorylation sites involved requires consideration. It is improb- 
able that succinate is the substrate for the mitochondria during 
glucose utilization; addition of Amytal to the intact cells under 
these conditions causes both an immediate inhibition of respira- 
tion and an abrupt oxidation of cytochrome b. These responses 
are characteristic of cells metabolizing a pyridine nucleotide- 
linked substrate, presumably pyruvate. There remains the pos- 
sibility that a considerable accumulation of a-ketoglutarate has 
occurred. Since this substrate, like succinate, is one of the more 
rapidly metabolized intermediates of the citric acid cycle, it is 
probable that its steady state concentration is low under the con- 
ditions of our experiment and that the utilization of pyruvate and 
related intermediates sets the respiratory rate. It seems reason- 
able to conclude that the P:O ratio of 2.6:1 refers to the oxida- 
tion of reduced pyridine nucleotide by the mitochondria. On 
this basis, the P:O ratio for the intact cell per site of phosphoryla- 
tion is close to 0.9:1 (see below). 

A study of currently available data on the phosphorylation 
efficiency of various types of mitochondria in the presence of 
various substrates suggests a value of 0.9 per phosphorylation 
site over a range of one to four sites (5, 11, 12) (the oxidation of 
reduced cytochrome c being a one-site process, that of 8-hydroxy- 
butyrate a three-site process, and so forth, for mitochondria iso- 
lated from the liver, kidney, and heart of small mammals). 

On the basis of these observations, we can write equations 
for the principal reactions of ‘‘low glucose’’-oxygen interaction: 


hexokinase 


Glucose + ATP* > (5) 
Glucose 6-phosphate™ ~ + ADP* + H* 


mitochondria 


DPNH + 4H*+ + 3HPO;~ + 3ADP® + 40, 
3ATP* + 4H.0 + DPN*+ 


(6) 


It is of interest that we are able, under specialized conditions, 
to activate only those parts of the metabolic pathway that are 
necessary for a determination of phosphorylation efficiency. 

The phosphorylation efficiency derived from “low glucose”’ 
concentrations can now be used to interpret the value obtained 
when excess glucose is added. At “high glucose” concentrations, 
the glucose-oxygen ratio is increased by iodoacetate treatment, 
and two glucose phosphorylations as well as a glycolytic phos- 
phorylation of ADP are possible. Since the glucose-oxygen 
ratio for these experimental conditions is 2.5:1, we reach the 
following conclusions: 

(a) Only one glucose phosphorylation occurs at “high glucose”’ 
concentration in the first 20 seconds of the reaction, or 

(b) two glucose phosphorylations and one ADP phosphoryla- 
tion in the glycolytic system occur, the net balance being about 
one ADP phosphorylation per glucose phosphorylation. A sec- 
ond ADP phosphorylation is unlikely, for in such a case the glu- 
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cose-oxygen ratio would rise to above 3:1 (cf. Table I), and the 
formation of lactate or pyruvate could be observed. 

Analyses of intracellular constituents such as fructose 1 ,6- 
diphosphate and dihydroxyacetone phosphate show that their 
concentrations are rising appreciably in the first 20 seconds after 
the addition of excess glucose and that the Embden-Meverhof 
pathway is fully activated down to the first glycolytic phos- 
phorylation.2?. The second explanation is therefore favored for 
the “high glucose”’ concentrations. 

A maximal efficiency of phosphorylation in the intact mam- 
malian cell (0.9 per site) would suggest a high respiratory con- 
trol ratio in the ascites cell, and this has been observed (14—16, 
25). There are now numerous examples of the occurrence of 
high respiratory control ratios in isolated mitochondria and intact 
tissues from a variety of sources, ranging from insects to mam- 
mals (32). In fact, isolated mitochondria that exhibit a high 
respiratory control ratio appear also to have a high phosphoryla. 
tion efficiency (32). The converse of this, the presence of respira- 
tory control in the absence of phosphorylative activity, has never 
been reported and appears inconsistent with most mechanisms 
that have been proposed for oxidative phosphorylation. Prepa- 
rations of mitochondrial fragments in which at least one site is 
known to be damaged (presumably cytochrome b* (see also, 
33) show very little if any respiratory control, as here defined 
(see also (5)). Thus, high values of respiratory control (10 or 
above) are here accepted as evidence of high phosphorylation 
efhciency in mammalian cells. The presence of this high ratio 
in ascites cells independently supports the glucose-oxygen titra- 
tions and the crossover phenomenon (9). Although such a cri- 
terion may not hold true for all cells and tissues, it does afford a 
simple test in vivo for metabolic processes leading to the un- 
coupling of oxidative phosphorylation. More direct tests of the 
phosphorylation efficiency of any doubtful systems are afforded 
by the glucose-oxygen and glucose-phosphate ratios described 
here or by the crossover test described in the companion paper 
(13). The crossover method is, so far, the only one applicable 
to the intact mitochondrion or cell that gives direct evidence of 
the activity of particular sites of ADP interaction. Neither 
classical chemical determinations nor respiratory control ratios 
measure the “per site” efficiency, since one site could increase 
its activity to compensate for a decrease at another under various 
conditions. 


SUMMARY 


By measuring glucose-oxygen and glucose-phosphate ratios 
after the addition of a small concentration of glucose to aerobic 
ascites tumor cells in an appropriate metabolic state, it has been 
possible to show that the initial, rapidly activated portion of the 
pathway from glucose to oxygen involves a phosphorylation of 
glucose by hexokinase and adenosine triphosphate and a phos- 
phorylation of adenosine diphosphate to adenosine triphosphate 
by the mitochondria. For this simple system, the glucose-oxy- 
gen ratio is equal to the P:O value, and an average of 2.6 is 
obtained. This is interpreted to indicate a value of 0.9 per phos- 
phorylating site. At higher glucose concentrations, more com- 


plex metabolic pathways are activated, but the fact that they too 
show a glucose-oxygen ratio of 2.5:1 indicates that a net forma- 
tion of one phosphorylation of adenosine diphosphate per glucose 
It can be 


phosphorylation occurs under such circumstances. 


4A. Lehninger, personal communication. 
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concluded that the phosphorylation efficiency of the mitochon- 
dria in their physiological environment in the intact ascites tumor 
cell is equal to the best values obtained with isolated mitochon- 
dria. 

Respiratory control ratio is suggested as a sensitive index of 
phosphorylation efficiency, and cells and tissues showing ratios 
of over 10:1 probably have high phosphorylation efficiencies 
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A theorem of considerable generality, recently demonstrated 
for a variety of physical and chemical] systems, makes it possible 
to localize the interaction sites in a multicomponent sequence 
by their “crossover behavior” (1). Since this derivation is in- 
dependent of the details of a particular mechanism, its applica- 
tion to the localization of sites of interaction between adenosine 
diphosphate and the oxidative phosphorylation system provides 
a general method for the study of phosphorylation efficiencies. 
Crossover behavior can now be detected by spectrophotometric 
observations of respiratory carriers in living cells (2), permitting 
the determination of the phosphorylation efficiency of the intact 
cell. 

If the respiratory rate decreases, there is a crossover point 
in the sequence of the respiratory enzymes from substrate to 
oxygen at which increases of reduction change to increases of 
oxidation (1). <A particular crossover point identifies one site 
of interaction of the phosphorylation system with the respiratory 
carriers, but the realizability of this crossover point may depend 
upon the integrity and activity of all the interaction sites in the 
chain. In addition, it is possible to identify separately the 
crossover points corresponding to all the interaction sites, pro- 
vided appropriate experimental conditions are used. Thus, a 
correspondence of the crossover behavior of intact cells with 
that of isolated mitochondria of high phosphorylation efficiency 
is indicative of similar efficiencies in the two systems. 

The demonstration of such interaction sites requires that an 
abrupt change of ADP concentration occur in the cell. Under 
appropriate physiological or metabolic conditions, large changes 
of intracellular ADP can occur in living tissue: for example, 
repetitive contractions of muscle cause a rise of intracellular 
ADP concentration (3) which is too small to be detected by 
chemical assay (4). Recently it has been found that several 
complex metabolic transitions occur in suspensions of ascites 
tumor cells after the addition of glucose, and that these are 
accompanied by changes in the intracellular ADP concentration 
and in the rate of electron transfer through the respiratory 
chain (2, 5,6). In addition, there are distinctive changes in the 
oxidation-reduction state of respiratory carriers (2,7). Related 
metabolic transitions have now been found in yeast cells, where 
we find crossover phenomena suggestive of a high phosphoryla- 
tion efficiency of the mitochondria within the cell; the same is 
true for ascites tumor cells and intact muscle. Hypotheses 
that a low phosphorylation efficiency is characteristic of tumor 
cells do not appear to be tenable (8, 9). These results corrobo- 


* This research has been supported in part by a grant from the 
National Science Foundation. 


rate independent studies of phosphorylation efficiency (10) which 
utilize the above metabolic transients for measuring the glucose- 
oxygen ratios of well defined metabolic pathways. 


EXPERIMENTAL 


In studying ascites tumor cells, it is found that the metabolism 
of endogenous substrate can be abruptly accelerated by glucose 
addition and that respiration is limited by the intracellular ADP 
concentration (5, 6,9). This is not the case in yeast cells, where 
endogenous metabolism shows little acceleration upon glucose 
addition and where there is no appreciable evidence of increased 
intracellular ADP concentration. We have, therefore, taken 
advantage of the fact that the yeast cells can conveniently be 
starved by 1 to 3 days of vigorous aeration at room temperature 
(26°). Cells in this condition accumulate a high intracellular 
concentration of ADP since ATP formation is negligible (11). 
Thus, addition of a substrate for oxidative phosphorylation will 
cause a large decrease of intracellular ADP concentration. 

Bakers’ yeast (National Yeast Company) was made up to a 
3 per cent suspension in 50 mm KH.PO, and was washed once 
or twice and then aerated as described above. The cells showed 
a very large respiratory response to ethanol (Figs. 1,4). It was 
found that the spectroscopic effects were greater at 10° than at 
room temperature, probably due to a lower activity of ATP- 
utilizing enzymes under these conditions. The ethanol concen- 
tration added was between 0.8 and 2 mm; factors governing 
this choice are discussed below. 

The kinetics of oxidation and reduction of cytochromes, 
flavoproteins, and pyridine nucleotides were recorded by a 
double-beam spectrophotometer (12) and the spectra by a split- 
beam instrument (13). Reduced pyridine nucleotide was also 
measured by its fluorescence which has an emission peak at 
about 443 my; 366 my excitation was used (14, 15). 


RESULTS 


A typical experiment is illustrated by Fig. 1A. The veast 
cell suspension is diluted to approximately 5 per cent in 0.05 
mM KH.PO,. The initial portion of the platinum microelectrode 
trace indicates the low rate of respiration of endogenous sub- 
strate. The upper portion of the trace represents absorbancy 
changes corresponding to oxidation (upward deflection) or reduc- 
tion (downward deflection) of cytochrome 6 as measured by the 
difference of absorbancies at 430 and 410 my. After a brief 
period of equilibration in which the respiratory activity is slow, 
1.2 mm ethanol is added, causing an abrupt reduction of cyto- 
chrome b as indicated by the downward deflection of the trace. 
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m4 430-410my 


Ethanol t 
0.5mM 


Platinum 
trace 


Fic. 1A. Respiratory and spectrophotometric response of yeast cell suspension to ethanol (1.2 mm) and dibromophenol (DBP) 


(0.5 mM). 36 mg. per cc. of yeast (wet weight) diluted in 0.05 m KH,PO,, initially air saturated, (~240 wmoles), 26°. B, Response to 
ethanol (1.4 mm) and glucose (10 mm). 72 mg. per ec. of yeast (wet weight), 2.5 cc. volume, reaction medium as in A. (Experiment 
527a-2b, 4b). 

After a stirring irregularity has subsided, the platinum micro- = # .oq0- —+0004 
electrode trace shows increased respiratory activity; in this 5 A : 
interval, cytochrome 6 is in a steady state (State 3). After i 
approximately half a minute, reduction of cytochrome begins 

to increase, and at the end of a minute, a considerable reduction A | [K , aaa 

has occurred (State 4). At the same time there is a correspond- —) ; oe 
ing slackening in the respiratory rate. Both of these changes 
are inconsistent with the limitation of respiratory rate caused = a8 + 


by lack of ethanol, as is confirmed by the fact that only about 
50 um' O- has been used. In order to demonstrate that the 
respiratory activity is limited by either phosphate or phosphate 
acceptor, we add 0.5 mm dibromophenol, an uncoupling agent 
which allows rapid respiration to be resumed. An abrupt 
acceleration of respiration is then recorded, combined with an 
oxidation at the steady-state level of cytochrome 6 which is 
characteristic of the uncoupling action of this substance. The 
accelerated respiration continues until the oxygen available to 
the system is exhausted. Fig. 1B represents a similar experi- 
ment in which 1.4 mM ethanol is added to the starved yeast cell 
suspension; here the oxygen and cytochrome kinetics essentially 
duplicate those observed in Fig. 1A. However, in order to 
reactivate respiration, we add 10 m™ glucose instead of an un- 
coupling agent. In addition to accelerating the respiration, 
activation of the glucose-utilizing enzyme increases the intra- 
cellular ADP concentration and causes an oxidation of the 
steady state of cytochrome b (State 3). Respiration continues 
at an accelerated level until the oxygen available in the solution 
has been expended. 

Nature of Components Affected—In order to identify cyto- 
chrome 6, a spectrum corresponding to the difference between 
the absorption of the material in States 3 and 4 (Figs. 1A and 
1B) has been recorded with a rapidly responding split-beam 
spectrophotometer. This spectrum, shown in Fig. 2, represents 
the difference between yeast 60 seconds (State 4) and 10 seconds 
(State 3) after the addition of ethanol. Thus, the increased 
absorption at 430 mu, characteristic of State 4, is plotted as an 
upward deflection. In the Soret region, the clear peak at 430 
mu is broader than that attributable only to cytochrome b. 
In the visible region, two distinct components are evident: 


‘'umoles per liter. 


Fig. 2. Difference spectrum for yeast cell suspension 60 seconds 
(State 4) and 10 seconds (State 3) after addition of ethanol (2 
mm). ~60 mg. per ce of yeast (wet weight), 2.5 ce volume, 0.05 
mM KH,PO,, 12°. (Experiment 493e-4, e-6.) 


cytochrome 6 with a peak at 563 my and cytochrome ¢ + c; with 
a peak at 551 mu. Thus, the State 3 to 4 transition involves 
the increased reduction of both cytochromes b and ¢ + c of the 
respiratory chain. Since such spectroscopic shifts are charac- 
teristic of the response of isolated mitochondria to the exhaustion 
of added ADP or inorganic phosphate, the transition observed a 
minute after adding ethanol to yeast is probably caused by a 
similar depletion of the intracellular phosphate or phosphate 
acceptor that had accumulated in the starved cells. In view of 
the response to glucose (Fig. 1B), ADP is identified as the sub- 
stance being depleted (see below and (3, 6)). 

Crossover Point for Intact Yeast Cell—By recording similar 
kinetics in the ultraviolet region of the spectrum, it has been 
possible to demonstrate similar reductions of pyridine nucleotide 
and flavoprotein, in addition to those of cytochromes 6 and c. 
However, cytochrome a is oxidized instead of reduced in this 
transition, as illustrated by Fig. 3. Here the recordings are on 
a more compressed time scale than in Fig. 1. The kinetics of 
cytochrome 6 as recorded by the difference of absorbancies at 
563 to 575 my are similar to those recorded for cytochrome b 
at 430 to 410 my in Fig. 1. The recording for cytochrome a 
shows first a reduction caused by addition of ethanol, followed 
by a steady state (State 3) of high respiratory activity. How- 
ever, as the respiration slackens due to lack of ADP, the trace 
rises toward a more oxidized level (State 4). Thus the crossover 
point for the veast cell lies between cytochromes a and c, as is 
characteristic of many types of mammalian mitochondria. The 
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Fic. 3. Oxidation-reduction changes of cytochromes a and b 
in response to ethanol (1.2 mm). 80 mg per ce of yeast (wet 


weight), 2.5 ce volume, aerobic, 0.05 wm KH2PO,, 12°. (Eexperi- 
ment 493d-21, 22). 
TABLE I 
Crossover behavior in bakers’ yeast* 
RPN | b c+a a 
Per cent reduction 
(State 3) 19 (60) | 28 26 «64.3 14 
(State 4) 31 (99) | 60 60 9.4 7 
Net change —12 (-39) | -—32 -34 -5 | +7 


* Conditions: steady-state changes recorded 1 minute after 
addition of 0.2 to 2.3 mM ethanol when a State 3 to 4 transition 
occurs. A + corresponds to an oxidation and a — to a reduction. 
The crossover point is represented by a — to + change at the 
vertical line in the sequence. (I-xperiment 493.) 

+t Flavoprotein. 


percentage changes are summarized in Table I. The oxidation 
level of cytochrome a changes from 14 per cent reduced to 7 per 
cent reduced in the transition from the higher to the lower 
respiratory rate, the net change being 7 per cent. Cytochrome c 
shows a 5 per cent change in the opposite direction; correspond- 
ingly larger changes are observed for cytochrome } and flavo- 
protein. Under appropriate conditions, it is possible to demon- 
strate also the increased reduction of pyridine nucleotide. This 
percentage change may be calculated as the per cent of the total 
amount of PN? reduced in anaerobiosis with both glucose and 
ethanol present. In this case, the steady state reduction in- 
creases from 19 to 31 per cent. A more realistic calculation is 
based upon the assumption that the State 4 value represents 
an almost complete reduction of mitochondrial PN (7). On this 
basis, PN would be 60 per cent reduced in State 3, a value which 
is characteristic of other types of mitochondria (7). 

Effect of Azide—A crossover point between cytochromes a 
and ¢ is typical of phosphorylation chains of high efficiency. 
However, this crossover point indicates explicitly only one of 


2 The abbreviations used are: PN, pyridine nucleotide; RPN, 
reduced pyridine nucleotide. 
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Cytochrome c reduction | 


Fic. 4. Response of cytochrome c and reduced pyridine nucleo- 
tide of the azide-treated yeast cell suspension to ethanol (0.7 mm) 
and glucose (4 mm). The spectrophotometric trace ( ) is 
measured at 550 my with 540 my as a reference wave length. The 
fluorescence trace (—-—~—) is measured at 450 my with an interference 
filter, and 366 my excitation is used. Respiration is measured 
polarographically asin Fig. 1. Aerobic, starved yeast cell suspen- 
sion, 36 mg per ce (wet weight), 2.5 cc volume, 0.05 m KH.PO,, 
26°. (Experiment 907-5). 


the three possible sites of phosphorylation. We have therefore 
treated the yeast cells with a low concentration of azide (4 uM) 
in order to determine its effect on the crossover point. Fig. 4 
illustrates a typical experiment; the procedure for measuring 
the steady state changes of the azide-treated system is the same 
as that described for Fig. 1B except that PN is measured fluoro- 
metrically (----). The addition of 4 um sodium azide to the 
aerobic, starved yeast cell suspension causes little reduction of 
cytochrome c or PN since the cells are nearly free from sub- 
strate. The subsequent addition of 0.7 mM ethanol is followed 
by an abrupt reduction of cytochrome ¢ and PN and an activa- 
tion of respiration to a rate of 2.4 um Os» per second. After a 
steady state of about 30 seconds, cytochrome ¢ becomes more 
oxidized and PN more reduced, while the respiratory rate de- 
creases 2.5-fold. The increase in the reduction of PN and the 
decrease in that of cytochrome ¢ as the respiratory activity 
decreases underline the special nature of the ADP interaction 
represented and eliminate the possibility that the added ethanol 
has been exhausted. At this point, glucose addition increases 
the reduction of cytochrome ¢ to near its previous level and 
reactivates respiration until the dissolved oxygen has been 
exhausted. The response of reduced pyridine nucleotide to the 
addition of glucose is discussed below. 

The steady state levels of the respiratory enzymes in the 
presence of 4 uM azide are summarized in Table II. It is of 
interest that cytochromes a, b, and ¢ are considerably reduced 
by such a low concentration of azide that there is no question 
of any effect other than an inhibition of oxidase activity. Cross- 
over behavior in the presence of azide differs from that in the 
yeast cells respiring added ethanol in the absence of inhibitor 
(see Table 1): a crossover point appears between cytochromes } 
and c + ¢, after both the addition of ethanol (Line 4) and the 
subsequent addition of glucose (Line 5). Since a — to + change 
(reduction to oxidation) is observed, the oxidative phosphoryla- 
tion interaction observed between cytochromes 6b and ¢ + ¢; in 
isolated mitochondria of high phosphorylation efficiency must 
also be operative in the intact yeast cell. 

Another crossover point lying between RPN and flavoprotein 
is observed in the azide-treated yeast cells after the addition of 
ethanol alone (Line 4) and has occasionally been observed in 
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isolated mitochondria with or without azide (1). Thus, yeast 
cells clearly show all three crossover points and hence all three 
phosphorylation sites of mitochondria isolated from mammalian 
cells. 

Effect of Glucose—The fact that ethanol treatment of the 
starved yeast cell suspension results in respiratory inhibition and 
in an increased reduction of PN demonstrates that lack of sub- 
strate does not inhibit respiration. Thus, the reactivation of 
respiration by the addition of glucose is caused not by increased 
substrate (or RPN) but by the ADP produced in glucose phos- 
phorylation. This effect is in accord with the data of Figs. 1B 
and 4, which show that cytochrome 6 is oxidized and PN only 
slightly reduced after glucose addition. Two opposing reac- 
tions probably determine this net reduction of PN: (a) the oxida- 
tion of intramitochondrial RPN caused by an increase in ADP 
concentration, and (b) the reduction of cytoplasmic PN caused 
by activation of glyceraldehyde 3-phosphate dehydrogenase. 
(This effect results from either an increase of substrate concentra- 
tion or a decrease in product accumulation caused by the effect of 
ADP upon the 1,3-diphosphoglycerate kinase step.) These 
reduction reactions are less prominent in the ascites tumor cell 
where glucose addition to the cell suspension in State 4 causes a 
net oxidation of PN (2). 

There is a striking difference in the response of ascites tumor 
cells and yeast cells 1 minute after adding glucose. In the 
former, there is a large decrease of respiratory activity at this 
time (5), whereas, in the latter, there is no detectable decrease. 
The only evidence suggestive of this phenomenon in yeast cells 
is the slightly increased reduction of cytochrome b that begins 
30 seconds after glucose addition and continues for about a 
minute thereafter. It appears that the interplay of glucose and 
oxygen metabolism differs greatly in the two types of cells. 

A glucose concentration of 1 mm is required to give the half- 
maximal spectroscopic effect in the ethanol-treated yeast cells, 
as indicated in Fig. 5, where we have plotted the increment of 
absorbancy at 430 my as a function of glucose concentration. 
This concentration, added to the whole cell, generates a suffi- 
cient increase in the intracellular ADP concentration to half- 
saturate the respiratory chain, as measured by the response of 
cytochrome b. The fact that this value is large compared to 
the measured K,, of crystalline hexokinase (1.3 mM at 30°, 


- pH 8.0 (16)) is of interest and will be considered later in detail. 


Effect of Ethanol—The addition of ethanol stimulates oxidative 
phosphorylation in the mitochondria, and thereby expends the 
intracellular ADP store. It is preferable that the substrate 
used activate no other reaction producing or utilizing ATP. 
Although ethanol] is not known to activate the glycolytic system, 
high concentrations of this substance apparently stimulate ATP- 
utilizing processes. With ethanol concentrations much above 5 
to 10 mM, the response a minute later involves a much smaller 
diminution of respiration and spectroscopic effects than observed 
with ethanol concentrations in the range of 0.8 to 2 mm. The 
lowest alcohol concentration is considerably in excess of the 
amount of oxygen consumed in the first minute. 

Even with the low alcohol concentrations employed, the state 
of low respiratory activity is not a stable one. Fig. 1B shows 
some indication of increasing respiratory activity and oxida- 
tion of cytochrome b about 50 seconds after the addition of 
ethanol. It is apparent that these lower ethanol concentrations 


also stimulate some ATP-utilizing processes, but after a brief 
delay. 
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Percentage reduction and crossover points* for State 3 to 4 transition 
in azide-treated bakers’ yeastt 


Components 
Substrate State | 
RPN b c+a a 
S€C. 
Ethanol | 2.4 8 @ 
Ethanol 4 0.95 | 66 30 75 6 15 
Ethanol + 3 :* BS 50 29 50 
glucose | 
Ethanol 3to4 +6 +32 +45 
Ethanol + 3to4 —25 +23 +35 
glucose | 


* Indicated by the — to + change at the vertical lines in the 
sequence. 

+t Conditions: steady state changes recorded about 1 minute 
after addition of 0.7 mm ethanol and about 20 seconds after addi- 
tion of 4 mm glucose. 4ym azide, pH 4.7, 0.05 m KH2PO,, 26°. 
(Experiment 907). 

t Flavoprotein. 

§ umoles per liter. 


> 
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Fic. 5. Effect of various glucose concentrations on the steady 
state oxidation level of cytochrome b of yeast pretreated with 1.2 
mM ethanol for 1 minute. 40 mg per ce of yeast (wet weight), 
2.5 ce volume, 0.05 m KH2PO,, 26°. (Experiment 493). 


DISCUSSION 


Phosphorylation Efficiency—The fact that the metabolizing 
yeast cells show the same three crossover points demonstrated 
in mitochondria isolated from a variety of sources leaves no 
doubt that all three sites of interaction of ADP with the respira- 
tory carriers are active in the living cell. Since the crossover 
theorem has been derived by several methods on the basis of 
both physical and chemical systems (1), it would appear that 
interaction sites are unequivocally identified by this procedure. 
This identification does not depend upon assumptions as to the 
mechanism of phosphorylation other than the generally accepted 
hypothesis that at least three steps of a multienzyme sequence 
involve interactions with ADP. On the basis of experiments 
with isolated mitochondria, the existence of these interactions 
in sufficient intensity to cause readily measurable spectroscopic 
and respiratory changes indicates the maximal production of 
ATP from all three sites. 

The possibility that the existence of the inhibitory interactions 
identified by the crossover phenomena might not lead to phos- 
phorylation of ADP at a P/2e value of 0.9 per site may also be 
considered. Experiments in vitro with isolated mitochondria, 
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especially those conducted in the presence of uncoupling agents, 
show the crossover behavior to be present when the phosphoryla- 
tion efficiency is high and to be absent when it is low. At inter- 
mediate concentrations of uncoupling agents, the respiratory 
control (17) and the spectroscopic response are diminished, 
while the phosphorylation efficiency does not fall significantly. 
We then conclude that the spectroscopic response and respiratory 
control are more sensitive indicators of the phosphorylation 
activity than is the P:O stoichiometry. It appears justifiable 
to use the crossover phenomena and the high values of respiratory 
control (5) as evidence of high phosphorylation efficiency. 

The fact that the intact yeast cell shows a small respiratory 
control ratio in comparison with other cells, such as muscle, or 
with isolated mitochondria indicates that its rate of ATP utiliza- 
tion is high (see below). However, a low respiratory control 
ratio does not necessarily lead to the conclusion that the system 
is uncoupled; ATP may be rapidly formed and utilized. In fact, 
approximate equality of the rates of phosphorylation may well 
be responsible for the difficulties in measuring the over-all P:O 
value of the yeast cell by the chemical method of Lynen and 
Koenigsberger (18), whose data suggest that only one of the 
three sites is active. 

Metabolic Control in Intact Yeast Cell—In ascites tumor cell 
suspensions, a remarkable respiratory inhibition occurs about a 
minute after the addition of glucose (5), indicating that the 
mitochondria of the intact cell exhibit respiratory control ratios 
of more than 20:1. While yeast cells do not show this diminu- 
tion of respiration under the same conditions, they evidence 
reasonable respiratory control upon exhaustion of intracellular 
ADP approximately a minute after the addition of ethanol, 
corresponding to a respiratory control ratio of about 1.5:1. At 
lower temperatures, the ratio rises to 3:1. The fact that no 
diminution of respiration is observed within a minute of adding 
glucose suggests not only that the ATP-utilizing systems are 
much more active in yeast cells than in ascites tumor cells, but 
also that the retention of newly phosphorylated ADP in the 
mitochondria which has been postulated for ascites tumor cells 
does not occur to a measurable degree in yeast cells (5, 6). 

ADP Control of Respiratory Activity—The fact that the addi- 
tion of glucose to yeast cells in State 4 immediately causes 
respiratory activation and an oxidation of cytochrome b indicates 
that a deficiency of ADP is responsible for the spectrosco] ic 
and respiratory effects observed about a minute after ethanol 
addition. These data rule against other possible causes of 
respiratory activation such as increased substrate or RPN (as, 
for example, TPNH from the pentose-phosphate shunt) or the 
possible inhibitory effects of aldehyde accumulation?: 4 (19). 

Independent evidence that the ADP level may be the con- 
trolling factor in the respiratory inhibition observed after the 
addition of ethanol to yeast cells is indicated by the data of Lynen 


3 F. Lynen, personal communication. 
4B. Chance, unpublished data. 
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and Koenigsberger (18), in which the maximal decrease of the 
intracellular phosphate level caused by the simultaneous addition 
of oxygen and glucose to the starved cells is only ~50 per cent. 
Although explanations for this phenomenon have been based on 
the postulate of a large amount of structure-bound and hence 
“unavailable” phosphate (18, 20), the clear cut response of the 
respiratory enzymes of the mitochondria to glucose addition 
suggests that the structure-bound phosphate is not necessarily 
unavailable to the respiratory chain. 


SUMMARY 


The respiratory carriers of intact veast cell suspensions show 
a crossover response to the exhaustion of intracellular adenosine 
diphosphate by oxidative phosphorylation that is identical to 
that of efficiently phosphorylating mitochondria isolated from 
other tissues. Three of the crossover responses of the intact 
cell are the same as those of the isolated mitochondria, identifying 
three active sites of phosphorylation in the intact cell. The 
relatively small respiratory control ratios observed are attributed 
to rapid utilization of adenosine triphosphate in the intact yeast 
cells. 

The small net phosphorylation in the veast cell, measured by 
the difference rates of phosphorylation and dephosphory lation by 
Lynen and Koenigsberger (18), would appear to underestimate 
the phosphorylative capacity of the mitochondria. 
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Phosphorylation Efficiency of the Intact Cell 


III. PHOSPHORYLATION AND DEPHOSPHORYLATION IN YEAST CELLS* 
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Since a high phosphorylation efficiency of the respiratory 
chain of the yeast cell is suggested by crossover phenomena and 
other data (1, 2), we may now reinterpret the P:O determinations 
of Lynen and Koenigsberger (3). They computed the phos- 
phorylation efficiency of the yeast cell from the measurements of 
the kinetics of phosphorylation upon glucose addition and from 
the rate of dephosphorylation of the actively metabolizing cell 
upon addition of excess cyanide. Results of these studies gave a 
value for the phosphorylation efficiency of the yeast cell that is 
about one-third of that suggested by the spectroscopic evidence 
(2). 

The ability of the veast cell to effect a rapid transition from 
a starved or “energy poor” state to an “energy rich” state may 
be an incisive measure of its ability to respond to sudden demands 
for energy output. This is investigated here in terms of the 
time required to “turn over” the adenosine diphosphate store 
of the starved bakers’ veast cell. While indirect approaches 
have previously been made with ascites tumor cells (4), this 
method takes into account the net result of phosphorylation 
acting against physiological dephosphorylation processes of the 
intact veast cell. By measuring the early phases of the rapid 
kinetics of oxygen utilization, we obtain a measure of the time 
required for the oxidative phosphorylation system to reduce the 
intracellular adenosine diphosphate concentration from the maxi- 
mal level obtainable in the starved cell to such a low concentra- 
tion that respiratory activity is partially inhibited. Spectro- 
scopic observations of the responses of the respiratory carriers 
that are simultaneous with the decrease of respiratory rate and 
the response of the system to a subsequent addition of glucose 
indicate that the inhibition is caused by a change in the adeno- 
sine diphosphate level (2). 


EXPERIMENTAL 


Bakers’ yeast cells (National Yeast Company) were washed 
and starved as described previously (2). The starved state 
was obtained within | to 3 days, and its effectiveness was tested 
by the addition of ethanol which caused a 10-fold increase in 
respiration (cf. (2)). Respiration was measured by the vibrating 
platinum microelectrode (5), but the calibration procedure was 
omitted since both the reaction medium and the yeast cell 
suspension were equilibrated with air and since the starved 
suspension has a negligible effect on the electrode current. The 
initial oxygen concentration was 240 uM'; aerobic starved yeast 
cell suspension (2.5 ec), 0.05 mM KH2PO,, 26°. 


* This research has been supported in part by a grant from the 
National Science Foundation. 
per liter. 


RESULTS 


The respiratory rate of a properly starved, air-saturated 
yeast cell suspension, measured by the vibrating platinum 
microelectrode, is negligible. The addition of ethanol in con- 
centrations ranging from 0.7 to 1.4 mM (cf. Table I) greatly 
accelerates respiratory activity for about | minute (2). Deple- 
tion of the intracellular ADP concentration then causes an 
inhibition of respiration (2). Phosphate can be eliminated as 
the controlling factor since the addition of glucose, which pro- 
duces ADP by its phosphorylation, immediately re-establishes 
the respiratory activity (2). 

ADP Turnover Time—The interval between the addition of 
ethanol and the decrease in ADP concentration to a value com- 
parable to that required for half-maximal respiration in isolated 
mitochondria (20 to 30 um (5)) can also be recorded by the 
accompanying abrupt change of oxidation-reduction levels of 
the respiratory carriers, particularly eytochrome 6b. Half-maxi- 
mal spectroscopic effects for reduced pyridine nucleotide are 
obtained with a slightly higher ADP concentration (56 um (6)). 
Since this concentration is small compared to the total amount 
of ADP turned over, the point of ADP depletion is adequately 
defined. 

The intervals between ethanol addition and half-maximal 
completion of the State 3 to 4 transition (¢}..;), given in Table 
I, range from 37 to 49 seconds for various dilutions of the yeast 
cell suspension (5.5 to 21). As expected for an intracellular 
event, the time is independent of the dilution. Since the value 
of thor equals the time required to convert the ADP store of 
the starved cell to ATP, it may be considered a basic parameter 
in the metabolic design of the veast cell. 

Oxygen Utilization—Previous data (2) show that oxygen 
utilization slackens as the store of intracellular ADP is expended. 
The amount of oxygen consumed during the interval of ac- 
celerated respiration can be measured by calculating the differ- 
ence between the oxygen level before ethanol addition and the 
point of intersection of the tangents to the respiratory traces 
before and after the respiratory rate has decelerated. As seen 
in Table I (Line 4), the changes of oxygen concentration (AO) 
vary with the dilution of the yeast cell suspension. This is a 
predictable correlation, since the oxygen expenditure is related 
to an intracellular constituent. Recalculated to the stock solu- 
tion of yeast, values of AO, range from 570 to 650 um. Con- 
verted to umoles per gm. wet weight of yeast on the basis of 
hematocrit determinations for the cell suspension, the values 
range from 1.42 to 1.63, or an average value of 1.5 wmoles of O2 
per gm. of cells. 
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TABLE I 
ADP assays in bakers’ yeast 


Cell count of yeast stock solution 5 X 10°; hematocrit 0.4; cyto- 
chrome a, 8.2 X 10~* wmoles per g; 26°. (527). 


Cell dilution 5.5 | 11.0 11.0 | 11.0 21.0 
thorr 49 | 39 47 | 37 47 
AO» (umoles/liter) ia 57 31 
AO, (stock solution, | 610 | 570 6-630 630 650 
umoles/liter) | | 
(umoles/g) 1.52/ 1.42; 1.58 1.58 1.63 
DISCUSSION 


Comparison of Total Nucleotide with ADP Content of Yeast 
Cell—Chemical determinations of the total nucleotide content 
of the bakers’ yeast cell are in the same range as the values of 
AO, given in Table I. Lynen (see (7), Figs. 5, 7, and 10) found 
total ADP + ATP ranging from 1.7 to 2.6 wmoles per g wet 
weight of cells; similar analyses by Holzer (8) yielded 1.2 umoles 
per gm. wet weight. Since three sites of oxidative phosphoryla- 
tion are operative in the intact cell (2), corresponding to an 
ADP:0Q, ratio of 6:1, the ADP turnover during the activated 
phase of respiration is roughly 6 times the amount of ADP 
present (1.6 X 6 = ~10 wmoles per g). In explanation of 
this discrepancy, it is postulated that five-sixths of the newly 
phosphorylated ATP is broken down to ADP, the net rate of 
phosphorylation corresponding to a very low ADP:Q, ratio of 
1 (ADP:O = P:O = 0.5). 

Evidence of Dephosphorylation—This low P:O ratio sheds 
some light on the similarly low value found by Lynen and 
Koenigsberger (3). In their studies of the kinetics of phos- 
phorylation and dephosphorylation in yeast cells, they computed 
the P:O value from manometric measurements of the rates of 
utilization of oxygen and chemical measurements of intracellular 
phosphate immediately after the addition of oxygen and glucose. 
In other experiments they compared the rate of dephosphoryla- 
tion upon addition of cyanide to cells incubated anaerobically 
in the presence of glucose to the rate of steady state fermentation 
or to the rate of steady state respiration measured aerobically 
before cyanide addition. In each case a steady-state flux is 
compared with a transient rate and a stoichiometric ratio is 
calculated. This procedure surely requires justification. It 
would seem wiser to take the ratio of the two transient rates 
wherever possible: 7.e. the P:O ratio should be calculable from 
the initial rates of phosphate and oxygen utilization. 

Our results show that rapid dephosphorylation is activated 
by the addition of ethanol to the starved yeast cell and that this 
dephosphorylation of ATP is so rapid that only a slight diminu- 
tion of respiration is observed after the cytoplasmic ADP store 
has been expended in oxidative phosphorylation. It appears 
that the cyanide method (3) underestimates the dephosphoryla- 
tion rate, even though its addition is followed by an immediate, 
large effect on the kinetics of diphosphopyridine nucleotide 
reduction (9). It is well recognized that cyanide cannot be 
regarded as a specific reagent in inhibiting biological oxidations 
(10). Although the responses after glucose addition do not 
provide a suitable basis for determining the phosphorylation 
efficiency of cells in which phosphorylation and dephosphoryla- 
tion activities are nearly equal, this technique can, however, be 
applied successfully to ascites tumor cells whose intrinsic dephos- 
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phorylation rate is much slower and for which a glucose-phos- 
phate ratio of 1:1 has been determined experimentally (1). In 
the ascites cell, the relatively lower rate of dephosphorylation 
appears to diminish after the addition of a very low concentration 
of glucose. 

In summary, the experimental approach on which Lynen and 
Koenigsberger have based their first attempt to determine the 
P:O value of the intact cell is sound in principle, but has un- 
fortunately been applied to a cell whose intrinsic dephosphoryla- 
tion rate is too fast to permit accuratemeasure ment. 

Comparison of ADP Turnover Times—Although it was not 
recognized at the time of Lynen and Koenigsberger’s experi- 
ments, the interval of approximately a minute and a half required 
for the completion of the rapid phase of intracellular phosphate 
utilization in their studies (3) corresponds to the time required 
for the spectroscopic and “respiratory”? cycles discussed here, 
in spite of the fact that the experiments were carried out at 
different temperatures (15° (3) and 26°). 

It is now useful to compare the rates at which two different 
types of cells deal with their ADP and ATP stores. Data on the 
ascites tumor cells (11-13), a material which is difficult to obtain 
in the starved condition, permit such a comparison of the effective 
turnover times, evaluated on the basis of the following sequence. 
The addition of excess glucose (20 mM) to the ascites cell suspen- 
sion, at a point at which cytoplasmic ADP has been almost 
completely converted to ATP by metabolism of endogenous 
substrate, causes a rapid conversion of ATP back to ADP and a 
subsequent rephosphorylation to ATP. The interval required 
for this turnover varies somewhat with the cell preparation, but 
has frequently been observed to be about a minute; i.e. ADP 
turnover time is approximately the same in the ascites cell as 
in the yeast cell. Thus, in spite of the somewhat different 
demands of the dephosphorylating activities of these two types 
of cells, their enzymatic complements are adequate to convert 
the nucleotide store from a low to a high energy level in about 
a minute. Other values of turnover time are to be expected 
in other cells. In skeletal muscle the turnover of accumulated 
ATP after a series of twitches may take several minutes,? and in 
cardiac muscle the turnover time may be less than a minute, 
probably because the cytochrome concentration is much higher 
(14). 


SUMMARY 


The time required for respiratory activity to expend the 
adenosine diphosphate accumulated in the cytoplasm of the 
starved bakers’ yeast cell is found to be about 50 seconds at 26°. 
The increment of oxygen expended in turning over the intracel- 
lular adenosine diphosphate store is found to be ~1.6 wmoles per 
gram wet weight. A comparison of this value with chemical 
determinations for the adenosine diphosphate content of the 
yeast cell indicates an effective P:O value (phosphorylation 
balanced against dephosphorylation) of ~1. The phosphoryla- 
tion-dephosphory lation kinetics of bakers’ yeast is compared with 
that of ascites tumor cells. 
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On the basis of early studies of the blue fluorescence of living 
cells and tissues before chemical treatment, Sjéstrand (1) sug- 
gested its association with the mitochondrial bodies. Micro- 
spectroscopic observations of prepared tissue sections revealed 
emission bands of the fluorescent material of axons (1) and acid- 
treated groups of kidney cells;? critical evaluations of available 
spectrograms of purified materials lead to the identification of 
thiamin and riboflavin, respectively. Although some of the 
kidney sections, before acid treatment, showed fluorescence bands 
in the spectrograms that are now regarded as suggestive of re- 
duced pyridine nucleotide, the fluorescence of which was first 
observed by Warburg (2), insufficient data were available at that 
time to consider reduced pyridine nucleotide as a possible cause 
of the tissue fluorescence. 

Recent studies by Boyer and Theorell (3) and Duysens and 
Kronenberg (4) on alcohol dehydrogenase show clearly the great 
enhancement of DPNH fluorescence that is caused by a binding 
of the coenzyme to the enzyme surface. Furthermore, Duysens 
and Amesz (5) demonstrate that the intact yeast cell shows a 
fluorescence characteristic of bound reduced pyridine nucleotide. 
In more recent experiments, it has been found that intramito- 
chondrial reduced pyridine nucleotide also exhibits the same 
characteristic fluorescence, calling attention to the possibility of 
a close relationship between this effect and the blue fluorescence 
of living cells and tissues (6). The fluorometric result agrees 
with the spectrophotometrically determined large RPN?* content 
of mitochondria (7). Furthermore, its binding to a mitochon- 
drial component has been suggested by kinetic studies (7). More 
recent data show that the fluorescence of intact muscle diminishes 
upon electrically induced contraction, in agreement with the spec- 
trophotometrically observed oxidation of RPN (8). Thus, there 
is good evidence that a considerable amount of tissue fluorescence 
is due to this component. 

To study the fluorescence of mitochondrial RPN independ- 
ently of that of the cytoplasm, it has been desirable to develop 
a microfluorometric method, which, in conjunction with suitable 
biological materials showing isolation of the mitochondrial bodies, 
could be used to investigate cytoplasmic-mitochondrial interac- 
tions and also to permit the assay of RPN localized in different 


* This research has been supported in part by grants from the 
Office of Naval Research and the Swedish Medical Research 
Council. 

1 The term ‘“‘autofluorescence’’ is used by Sjéstrand and other 
workers to indicate the fluorescence of a tissue before its treat- 
ment with stains, acids, and so forth. 

2 F.S. Sjéstrand, unpublished experiments. 


* The abbreviation used is: RPN, reduced pyridine nucleotide. 


types of cells and under different metabolic conditions. This 
paper describes such an instrument and its application to the 
observation of mitochondrial RPN, particularly in highly local- 
ized mitochondrial bodies such as the nebenkern‘ of the grass- 
hopper spermatid (11). It is now possible to investigate in rivo 
the independent changes of mitochondrial and cytoplasmic pyri- 
dine nucleotide in the aerobic-anaerobic transition. In other 
cells, where mitochondrial localization is not sufficient for in- 
dependent characterization of cytoplasmic and mitochondrial 
components of the fluorescence, assays of the oxidation-reduction 
state of the total pyridine nucleotide in individual cells in differ- 
ent states of metabolism and growth are possible. The com- 
bination of this differential fluorometer with the spectrophotom- 
eter described elsewhere (12, 13) for the localization of activities 
of respiratory and glycolytic enzymes in cells affords a new ap- 
proach to the dynamic aspects of metabolic reactions. 


EXPERIMENTAL 


Materials—Grasshoppers were grown in the laboratory from 
eggs provided by Dr. T. N. Tahmisian. The follicles were pre- 
pared for microscopic examination as described elsewhere (27). 
Ehrlich hyperdiploid ascites tumor cells were grown in a strain 
of mice injected with cells supplied by Dr. T. 8. Hauschka. 
Bakers’ yeast (National Yeast Company) was washed twice and 
treated with 0.1 mm ethanol. Pentaploid yeast, obtained from 
Dr. Cornelius Tobias, was grown by Dr. Nils-Erik Saris of this 
laboratory in a sucrose medium (14), supplemented with 1 per 
cent Bacto-yeast extract (Difco). Fly sarcosomes were obtained 
from a preparation of myofibrils in 0.25 m sucrose by Dr. Bertram 
Sacktor. The liver and kidney cells were teased from the tissue 
(15). Liver cells, separated by mechanical and chemical treat- 
ments, were also used.® 

Method 


A 1000-watt mercury are illumination is filtered by means 
of a Corning (597) water-cooled filter. This radiation is 
further filtered by an Eppendorf 366-my multicomponent filter 
which has been found extremely effective for isolating the mer- 
cury line and rejecting unwanted emission bands of the are 
lamp. The half width of this filter is 30 mu. This radiation is 
projected upon a cardioid condenser (Bausch and Lomb) and 
then through the usual optical system of a metallurgical-type 


* Recent studies with the electron microscope (9, 10) support 
the fact that the nebenkern is a mitochondrial aggregate forming 
in the grasshopper spermatid under certain conditions. 

Rutter, personal communication. 

6* J. M. Marshall, Jr., personal communication. 
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microscope (Unitron BMEC) at a magnification of 1000 for visual 
observation and 300 for the camera attachment. In place of 
the camera attachment, an EMI 9524A Cs-Sb (S-11) surface 
photocell is equipped with a 60-c.p.s. vibrating diaphragm 
which has a circular hole corresponding to a 5-y aperture and 
which sweeps through a distance of ~15 u. The photo surface 
is protected from the 366-my radiation by a Wratten 2A filter. 
An associated switch circuit (16) selects signals from the electri- 
cal output of the photomultiplier which correspond to the extreme 
excursions of the diaphragm. Half-maximal electrical response 
to a point source of fluorescence is obtained with a displacement 
of 5.6 w (16). 

The closure of the switch contacts and the wave form of the 
photocurrent and light intensity for an AC-operated light source 
(see below) are indicated in Fig. 1. The fluctuations of the light 
intensity (~100 per cent modulation) indicated on the top line 
cause synchronous variations which result in an asymmetrical 
wave form for the photocurrent, provided the fluorescent object 
coincides with the extremes of the excursions of the vibrating 
diaphragm. To measure the fluorescence intensity of the object 
(M) and that of a nearby “free space” (R), the switch circuit is 
adjusted so that it closes for a brief interval at the peaks of the 
photocurrent wave form (Fig. 1). The portions of the photo- 
current selected by this switch are used to charge a condenser so 
that its potential represents the difference of the photocurrents 
at the two times. This potential is amplified by a ‘“‘Millivac,” 
type 17C, and by an Esterline-Angus I-ma. recorder. The col- 
lector of the phototube is connected to a 1.5-megohm resistor in 
the grid circuit of a cathode follower. The gain from the cathode 
follower to the input of the “Millivac” is 0.46. The over-all 
gain is mv = amperes. The dark noise of the phototube, 
recorded with a time constant of ~O.S second, is less than 
2 x 10°" ampere (16). The signal currents from the neben- 
kern of a typical spermatid are ~4 x 10-'* ampere (see Table 1) 
with the objective lens set at N.A. = 1, and a lamp current of 
1.l amperes.’ Signal-to-noise ratios of ~30 are readily obtained 
with reasonably short time constants. This rapid response is a 
considerable advantage in measuring cells that are not attached 
to a glass surface and hence can show movement artifacts. 

The differential recording system used here compensates for 
changes of fluorescence caused by fluctuations of the intensity of 
the exciting light when two structures of nearly equal fluores- 
cence are being compared. If they are unequal, the compensa- 
tion is imperfect. Thus, photocell control of the excitation light, 
as in studies of mitochondrial suspensions (17), is desirable for 
highly accurate studies. 

Characteristics of Filter Combinations—TVhe energy response of 
the Wratten 2A filter and the 8-4 (Cs-Sb) surface has a peak at 
440 mu and gives half-maximal responses at 420 and 540 mu. 
This compares very favorably with the energy distribution from 
bound DPNH which has a peak at 443 my and half-maximal 
emission at 400 and 500 my (4). Thus, the response approxi- 
mates that of bound DPNH. 

For an adequate test of the filter combination used, the fluores- 
eence of cell suspensions that were later studied microscopically 
was measured by a recording fluorometer (Fig. 2). The same 
filter combinations were used, but a monochromator was inter- 
posed between the fluorescent suspension and the photocell. The 


* It should be pointed out that the electronic circuit satisfac- 
torily records blue fluorescences which can be seen only with con- 
siderable difficulty with the dark-adapted eye. 
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Fic. 1. Wave forms of light intensity and photocurrent relative 
to the times of switch closure (alternating current operated by 
lamp). The vibrating diaphragm operates synchronously with 
the fluctuations in light intensity so that the extremes of its vibra- 
tion correspond to maxima of light intensity. The function of the 
switch is described in the text (MD-83). 
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Fic. 2. Relative fluorescence maxima for suspensions of diploid 
bakers’ yeast, pentaploid yeast, and ascites tumor cells. These 
fluorescence emission spectra are obtained with excitation of the 
cell suspensions by the 366-my mercury line passed through the 
same filter used in the microfluorometer. The energy obtained 
through the Wratten 2A filter is analyzed by means of a grating 
monochromator and is plotted as a function of wave length. Sig- 
nificant features of the record are that no measurable energy at 
366, 436, or 546 my is received by the photocell. The cell suspen- 
sions are relatively concentrated (60 mg. per cc. for the yeast cell 
suspensions). The close correspondence of the amplitudes of the 
peaks is a consequence of adjusting the photocell dynode voltage 
appropriately (928). 


object of this test was to determine whether the 436 my and other 
mercury lines were transmitted through the filter combination 
and would thereby result in an illumination artifact. 

Fig. 2 shows that neither the excitation wave length at 366 
my nor the 436- or 546-myu bands create an artifact when the 
monochromator is set at these wave lengths. (The 405-my bands 
are eliminated by the Wratten 2A filter). As an additional pre- 
caution, the microscopic studies are carried out with dark field 
illumination in which the background seatter into the optical 
system leading to the photocell is less than that obtained from 
the oblique illuminating system used in these “macro” studies. 
It is of interest that the danger of interference from background 
fluorescence of the solution is considerably less in the microscopic 
method, where a very thin layer of the solvent is involved. 
Thus, satisfactory observations of cellular fluorescence have been 
made even in a suspension medium for liver cells containing a 
considerable amount of riboflavin. 
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Studies of mitochondria treated with ADP to cause the disap- 
pearance of RPN fluorescence show that a relatively small con- 
tribution of the flavoprotein of the respiratory chain remains 
and that flavoprotein fluorescence does not measurably change 
with its oxidation-reduction state. Thus, it is felt justified in 
these preliminary studies to attribute the major portion of the 
fluorescence observed to RPN. Evidence in favor of this view 
is indicated below, where chemical transitions affecting the oxi- 
dation-reduction state and hence the fluorescence of reduced 
pyridine nucleotide show that most of the fluorescence localized 
in the mitochondria is affected by this transition and hence is 
not a “fixed” background fluorescence. 

Optical Artifacts—The possibility of encountering optical arti- 
facts when using the absorption method is treated in detail else- 
where (19,27). This analysis indicates that conditions are rather 
favorable for measuring the absorption and fluorescence of the 
nebenkern of the grasshopper spermatid because of the small 
refractive index change (20) between the nebenkern and the sur- 
rounding cytoplasm (nxx — ney ~ 0.015; nywx/ncy = 1.01). 
Thus, the nebenkern in the clear cytoplasm of the spermatid 
ean probably be studied without significant optical artifacts. 
A nebenkern located near the nuclear membrane or the cell 
wall does not show appreciably different fluorescence signals, al- 
though some optical artifact might be expected in this case. 
However, the fact that the fluorescence light originates from the 
object being viewed may allow somewhat greater freedom with 
the fluorescence than with the absorption method. It is only 
in the case of the small diploid yeast cell with its highly refractile 
membrane that a possibility of artifact has been noted. Here 
it is found that the maximal fluorescence signal is obtained with 
a focus other than that giving clearest optical definition. In 
other objects tested (cf. Table I), the maximal signal coincides 
with the best visual focus. 


RESULTS 


Visual Observations—Before the development of the differen- 
tial photoelectric circuit, a number of visual observations of grass- 
hopper spermatid were made and the results may be summarized 
as follows: fresh preparations of grasshopper spermatid showed 
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no localization of fluorescence at the nebenkern, but, in the 
course of ~60 minutes, a blue fluorescence appeared. Cells 
which showed a separation of the nebenkern into two positions 
visually showed two distinct blue spots in the same position with 
366-my excitation. Cells in which no nebenkern was detected 
showed no visually detectable localization of fluorescence. Vis- 
ual observations of spermatocytes in telophase showed intense 
fluorescence associated with mitochondrial bundles. Also, the 
collected mitochondria of cells in meiotic prophase showed cor- 
responding localization of fluorescence. However, visual obser- 
vations, besides being of inadequate sensitivity, were unsuitable 
for quantitative recordings of the kinetics of changes of nebenkern 
intensity from aerobiosis to anaerobiosis and for quantitative 
comparison of the intensities of the cytoplasm and the nebenkern 
or of different cells. For this reason, the differential fluorometer 
recording instrument was developed. Experimental results 
achieved with it are summarized below. 

Relative Intensities of Signals—A survey of various biological 
materials has been made to determine the relative intensities of 
the signals obtained and to demonstrate the feasibility of studies 
of their fluorescence. This study is largely incomplete, but the 
preliminary results summarized in Table I are rather encouraging. 
These fluorescence intensities range from a small value for the 
aerobic nebenkern of the grasshopper spermatid to a large value 
for the anaerobic pentaploid yeast cell. The larger currents give 
a signal-to-noise ratio of such magnitude that delicate indications 
are given, not only of the magnitude of the fluorescence, but 
also of changes that may occur in different metabolic states or 
in different parts of the cells. At higher currents, accuracies 
>100:1 are possible. 

Localization of Fluorescence—The inadequate resolution of the 
optical microscope and the uniform distribution of the mito- 
chondria throughout the cytoplasm of such cells as bakers’ or 
pentaploid yeast or ascites tumor cells offer little possibility for 
localizing the mitochondrial fluorescence as opposed to the cyto- 
plasmic fluorescence. However, two approaches are available 
for the independent study of these two types of fluorescence as- 
sociated with pyridine nucleotide. First, the cell may be centri- 
fuged to aggregate the mitochondria in a particular portion of 
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Summary of fluorescence intensities for various cell types and metabolic states 
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the cytoplasm (18). Second, natural biological structures in 
which there is an aggregation of mitochondria (e.g. the grass- 
hopper spermatocyte and spermatid) afford a unique opportunity 
for the study of mitochondrial fluorescence independent of that 
of the cytoplasm. Fig. 3 indicates qualitatively the fluorescence 
signal obtained from the cytoplasm and nebenkern, which are 
represented schematically at the bottom of the figure. The 
crosses mark the measuring and reference apertures of the sean- 
ning microfluorometer. Where both apertures are on the free 
space (FS-FS) surrounding the cell, a negligible signal is obtained 
when the photocell is either uncovered (7) or covered (|). If, 
however, one of the apertures is placed in the cytoplasm of the 
cell (CY-FS), a deflection of 1 seale division is obtained due to 
the difference between cytoplasm and free space. If the cell is 
now moved so that the fluorescence light from the nebenkern 
falls on the measuring aperture (NK-FS), a signal of 6 scale di- 
visions is obtained. Last, both apertures are moved onto the 
cell so that the measuring aperture is on the nucleus and the 
reference aperture is on the nebenkern (Nue-NK). Since this 
is a differential instrument and the nebenkern emits more energy 
than the nucleus, the deflection is ina downward direction to the 
extent of 3 seale divisions. These results indicate a high degree 


of localization of fluorescence which is associated with the neben- 


kern body of the cell. 

Measurements of different spermatids having nebenkern are 
summarized in Table II. The ratios of the fluorescence signal 
measured when the aperture is placed on the nebenkern and upon 
the cytoplasm (top row) are found to vary from 1.7:1 to 6:1, an 
average of 3.3:1. The ratios of the nuclear to the cytoplasmic 
fluorescence (bottom row) range from 1.7:1 to 3.0:1, an average 
of 24:1. The high fluorescence of the nucleus cannot surely be 
attributed to RPN. Also of interest is the fact that the nucleus 
of this cell gave no detectable cytochrome absorption bands (13). 

Intensity-Distance Relationship—By the use of the quartz 
plate technique (19) for obtaining reproducible motions of the 
cell with respect to the differential apertures, we have obtained 
an intensity distribution for a spermatid with nebenkern, indi- 
cated in Fig. 4. In this figure, the width of the rectangles repre- 
sents the half power width of the aperture in microns and the 
heights represent the intensity of the fluorescence. In agreement 
with Fig. 2, we find a high localization of the fluorescence at the 
position of the cell identified in the dark field as the nebenkern. 

Localization of Fluorescence in Primary Spermatocytes—A pri- 
mary spermatocyte has been observed to show an intense fluores- 
cence of mitochondria-like bodies near the nuclear membrane, 
characteristic of meiotic prophase (20) (see Table 1). This in- 
tensity exceeds that of the nebenkern of the spermatid, possibly 
because of the greater surface area of this mitochondrial aggre- 
gate. 

Recordings of “mitochondrial sheaves” which are character- 
istic structures of meiotic telophase, show a fluorescence 1.6-fold 
higher than that of the neighboring cytoplasm. Here again the 
fluorescence is in accord with the cytological evidence on mito- 
chondrial distribution. 

Stability of Nebenkern Fluorescence— During the first or second 
minutes of exposure to the excitation light of a previously unex- 
posed cell, a decrease of fluorescence intensity occurs, particularly 
when the are is operated on direct current (see below). An 
example of this is indicated in Fig. 5. The trace begins approxi- 
mately 20 seconds after the cell has been illuminated and shows 
a decrease of intensity for 90 seconds, after which the value be- 
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FS-FSLCY-FS NK-FS Nuc-NK 


Fic. 3. The response of fluorescence of the nebenkern of the 
grasshopper spermatid to various locations of the two apertures 
(crosses) of the differential microfluorometer. Four separate posi- 
tions are represented: (a) both apertures on the free space outside 
the cytoplasm (FS-FS); (6) one aperture in the cytoplasm and one 
in the free space (CY-FS); (c) one aperture on the nebenkern and 
one on the free space (NK-FS); (d) one aperture on the nucleus 
and one on the nebenkern (Nuc-NK). The photocurrents ob- 
tained in this recording are on the order of 10~'* amperes (cf. Table 
I) (916). 
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Ratios of localized fluorescence in grasshopper 
spermatid (anaerobic cells) 
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Fie. 4. A sean of a grasshopper spermatid by means of the 
flexible quartz plate. In the three positions of the scan indicated, 
the reference aperture is in the free space. In the first recording, 
the measuring aperture is in the free space; in the second, it is in 
the cytoplasm; and in the third it is on the nebenkern. The scale 
of distances along the cell and the span of the measuring aperture 
are indicated. The cell wall was located ~12 yw from the origin of 
the measurements (920a). 
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comes constant. Extrapolation of the trace back tot = 0 shows 
that a 40 per cent decrease of fluorescence has occurred. This 
response is to be expected in view of the ultraviolet damage to 
mitochondria that has been reported elsewhere (21). 

Fig. 5 shows that the fluorescence intensity does not decrease 
to 0 but, for a reason not fully understood, reaches a steady 
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Fic. 5. A representation of the time course of the fading of 
fluorescence of a previously unilluminated nebenkern. Continu- 
ous rather than intermittent illumination (ef. Fig. 1) is used. It 
is seen that the fluorescence diminishes to approximately one-half 
its value and remains stable thereafter (921). 
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Fic. 6. A comparison of the fluorescence response of cytoplasm 
and nebenkern of an aerobic (left) and an anaerobic (right) sper- 
matid. The displacements of the sample were obtained by means 
of the flexible quartz plate and the numbers on the diagram indi- 
cate markings on the mercury level which correspond to definite 
positions of the nebenkern with respect to the measuring aperture. 
In Fig. 6A, position 3 places the reference aperture in the free 
space; position 2 places it on the nebenkern; and position 4 places 
itin the cytoplasm. Checks of the various positions are indicated 
in the record. In Fig. 6B, a new cell is chosen and position 3 is 
in the free space as before; position 2 is in the cytoplasm, and posi- 
tion 1 is on the nebenkern. See Table I, Expt. 922, for photocurrent 
values (922). 


plateau after which it is possible to make measurements over a 
prolonged interval without a further decrease of intensity. 

In an effort to avoid this diminution of nebenkern fluorescence 
caused by high intensity ultraviolet radiation, a method of illu- 
minating the cell with high intensity radiation only at the time 
of the fluorescence measurement has been used (see ‘“Methods’’); 
this technique decreases the average power input to the specimen 
to such a degree that prolonged illumination of the nebenkern 
causes a much smaller decrease of fluorescence than that illus- 
trated by Fig. 5. Further improvements along this line are 
possible, especially in view of the high signal-to-noise ratio of 
the fluorescence measurements which permit an even further 
reduction of the input power. 
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Fic. 7. Time course of the fluorescence changes of the neben- 
kern and of the cytoplasm in the aerobic-anaerobic transition. 
A, the ratio of nebenkern to cytoplasmic fluorescence, plotted as 
determined by records similar to those of Fig. 6. The numbers in 
the diagram refer to the cell studied. The abrupt upward discon- 
tinuity of the record at approximately 45 minutes occurs when 
anaerobiosis is expected. B, the individual measurements of 
the cytoplasmic (@———-@) and nebenkern (O——-O) fluorescence. 
The number of the cell used for measurement is also indicated 
along the scale of the abscissa (922a, b). 


Although this effect is largely avoided by the technique of 
Fig. 1, brief exposures of cells to ultraviolet light are used, 
Such measurements are possible because the response time of 
the recorder is on the order of a second. Alternatively, a series 
of cells may be studied, as in Fig. 6. 

Biochemical Response of Fluorescence Intensity—It is possible 
to demonstrate a response of the fluorescence of the nebenkern 
to the metabolic state of the cell. Whereas the fluorescence in- 
tensities so far discussed have been those of anaerobic cells, it is 
found that one grasshopper sperm follicle placed under a paraffin 
wax-sealed coverslip in a glucose-free medium of several micro- 
liter’s volume will be maintained in an essentially aerobic state 
for about 45 minutes.* Recordings of cytoplasmic and neben- 
kern fluorescence at 40 and 60 minutes are given in Fig. 6. In 
contrast to Fig. 2, the deflection (Fig. 6A) corresponding to the 
nebenkern (NK) in position 2 is less than that for the cytoplasm 
(CY) in position 4. In this record, the cytoplasm is measured 
twice, the nebenkern three times, and the free space once. At 
60 minutes, another cell in the same preparation (Fig. 6B) shows 
an intensity of the nebenkern (position 1) which is large compared 
to that of the cytoplasm (position 2). This record contains two 
measurements of the nebenkern, three of the cytoplasm, and two 
of the free space. 

The complete results are indicated in the two graphs of Fig. 7. 
In this study, a total of four cells is observed and duplicate ob- 
servations have been made of numbers 2, 3, and 4 (see value 
above abscissa). The procedure of changing to a new cell is 
followed to avoid the accumulated effects of the exciting radiation 
on a single cell over the entire period of observation. In Fig. 
7A, the ratio of the fluorescence of the nebenkern to that of the 
cytoplasm is plotted as a function of time after dropping the 
coverslip on the cell preparation. After 40 to 55 minutes, the 
ratio increases abruptly, but little further change is evident. 
The resemblance of the curve to that of the steady state concen- 
tration of intracellular pyridine nucleotide in the transition from 
aerobiosis to anaerobiosis is striking (22). In Fig. 7B which 
further confirms the data in 7A, the absolute fluorescence in- 
tensities of the nebenkern and of the cytoplasm are plotted as a 
function of time. The graph indicates that the increase of 


® The smaller coverslip used with the fluorometer encloses about 
half the liquid volume enclosed by the larger coverslip used in the 
microspectrophotometer (127). With the latter, 90 minutes are 
required for anaerobiosis. 
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fluorescence intensity is due exclusively to the nebenkern and 
that little change of fluorescence occurs in the cytoplasm. This 
record is of particular significance in indicating whether or not 
there is a mixture of oxidizing and reducing equivalents between 
the mitochondrion and the cytoplasm. According to our data, 
a change in the oxidation-reduction state of pyridine nucleotide 
in the mitochondrion has no detectable effect upon that in the 
cytoplasm (see Discussion). 

Aerobic-Anerobic Transition in Ascites Tumor Cells—In ascites 
tumor cells, a clear distinction between the mitochondrial and 
the cytoplasmic fluorescences is not possible. Nevertheless, meas- 
urement of the kinetics of reduction of mitochondrial plus cyto- 
plasmic pyridine nucleotide can be made by fluorometric observa- 
tions of the cell. In this case a prediction of the time for an- 
aerobiosis is afforded by respiratory measurements of the cell 
suspension before dilution for microscopic observation. In a 
particular experiment, a stock solution of ascites cells (freshly 
withdrawn from the mouse and washed once in a saline phosphate 
solution) gave a time of 4 minutes for expenditure of the oxygen 
dissolved in the saline phosphate solution. In order to give a 
20-minute time for anaerobiosis, a 5-fold dilution of the cells was 
used and 5 wl. were quickly placed under the coverslip. The 
preparation was sealed with paraffin and then observed with the 
differential microfluorometer. The experimental record is shown 
in Fig. 8 where successive measurements of the fluorescence 
intensity indicated by the downward sweep of the trace at peri- 
odic intervals illustrate the increase of fluorescence intensity of 
the ascites cell as a function of time after sealing off the prepara- 
tion. A graphical representation of all the experimental points 
is given in Fig. 9, where the time for anaerobiosis calculated from 
the platinum microelectrode experiment (20 minutes) is compared 
with the time required for the fluorescence to reach its maximal 
intensity (~24 minutes). The agreement is considered very 
satisfactory. The same phenomenon is observed with a sus- 
pension of cells which show a considerable increase of fluores- 
cence in the transition from the aerobic steady state to anaerobic 
conditions. Thus the kinetics of reduced pyridine nucleotide 
based upon the observation of a single cell agrees with those of 
cells observed in suspension. 

Similar studies have been carried out on pentaploid yeast cells, 
where an increase of fluorescence intensity can be observed at a 
time appropriate to the exhaustion of oxygen in the covered prep- 
aration. In addition, yeast cells afford an opportunity for com- 
parison of fluorescence of mother and daughter cells in the bud- 
ding yeast. It may be of some interest that, early in the budding 
process, the fluorescence measured with the 5-u aperture for the 
daughter cell is approximately equal to that observed when the 
5-u aperture is placed on the mother cell. This suggests that 
the mitochondrial material may be transferred in large quantities 
at an early stage of cell division. This may be correlated with 
the peculiarity of yeast cells, that chromatin is transferred last. 


DISCUSSION 


The data presented lead us to associate a fluorescence with the 
mitochondria of the grasshopper spermatid in the following 
eytologically identified locations: (a) in mitochondrial concen- 
trations at the nuclear membrane of the primary spermatocyte; 
(6) in mitochondrial bundles which are present in the meiotic 
telophase: and (¢) in mitochondrial concentrations in the neben- 
kern. 
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Ascites Tumor cells 


Fig. 8. Periodic measurements of the fluorescence of an ascites 
cell as a function of time after closing the preparation under the 
coverslip. The increased downward deflection indicates an in- 
creased fluorescence (929b). 
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Fic. 9. Kinetics of the aerobic-anaerobic transition of an as- 
cites tumor cell. The rise of the fluorescence intensity between 
10 and 20 minutes is due to the increased fluorescence of RPN. 
“Calculated time for anaerobiosis’’ represents the number of min- 
utes it should have taken the suspension to become anaerobic if 
the respiratory rate measured in the bulk phase were applied to 
the microscope sample (929a). 


In addition, it has been found that the nebenkern fluorescence 
is small compared to that of the cytoplasm in aerobiosis and be- 
comes large compared to it in anaerobiosis. The kinetics of the 
aerobic-anaerobic transition follows what would be expected 
from known kinetics of this transition in cell suspensions (23) 
and from independent observations of the rate at which oxygen 
is utilized by the cell preparation. The aerobic-anaerobic transi- 
tion, which has a large effect on the RPN of the mitochondria, 
has no measurable effect on the cytoplasmic component. Just 
how much of the cytoplasmic fluorescence is due to RPN asso- 
ciated with glycolytic enzymes cannot be determined without 
further biochemical studies. An explanation for the lack of a 
cytoplasmic effect is afforded by a compartmentalization of mito- 
chondrial pyridine nucleotide in vivo. This has been discussed 
in considerable detail on the basis of experiments in vitro (24-26). 
One uncertainty of the earlier results has been the possibility 
that impermeability of the mitochondria may have been acquired 
during isolation, for example, by envelopment of the mitochon- 
drion in the endoplasmic reticulum with consequent artifactual 
permeability. The results reported here suggest, at least for the 
grasshopper spermatid, that the unreactivity of the mitochon- 
drial membrane to cytoplasmic RPN may be a reality and not 
an artifact, an important conclusion in the study of metabolic 
control and the dynamics of interaction of intracellular bodies. 

The lack of a measurable change in the cytoplasmic fluores- 
cence of the spermatid would not be expected in yeast and ascites 
cells, where studies of cell suspensions under aerobic and anaero- 
bie conditions show responses attributable to the cytoplasmic 
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material (22, 23). In bakers’ yeast, for example, the kinetics of 
respiratory initiation and cytochrome reduction upon glucose 
addition suggests that the pyridine nucleotide reduced by glycer- 
aldehyde 3-phosphate dehydrogenase is readily accessible to the 
mitochondria. It is not known, however, whether or not mito- 
chondria of yeast cells are more permeable to cytoplasmic RPN 
than are those of other tissues. Further investigation of the 
type described for the grasshopper spermatid are desirable, al- 
though the technical obstacles seem formidable at present. 

There is a question as to whether there occurs a redistribution 
of RPN between free and bound forms, with an attendant change 
in fluorescence intensity. This is partially answered by studies 
of liver mitochondria (6) which show that the wave length maxi- 
mum of the fluorescence intensity does not vary greatly, despite 
considerable changes in the oxidation-reduction level. It may, 
therefore, be concluded that the fluorescence intensity changes 
recorded here are caused by oxidation-reduction changes. 

An anaerobic suspension of grasshopper sperm follicles shows 
a 340-my absorption band indicating a relatively large amount 
of RPN. This RPN can also be oxidized by the respiratory 
chain (13, 27). However, a measurable 340-my absorption band 
is not observed with the microspectrophotometer, possibly be- 
cause of technical difficulties or because of its localization at the 
surfaces of the mitochondrion (13). Thus the fluorimetry and 
spectrophotometric methods complement each other in the study 
of localized respiratory enzymes. 


SUMMARY 


A fluorescence with spectral characteristics that are similar 
to those of reduced pyridine nucleotide of isolated mitochondria 
has been demonstrated to be localized in three cell configurations 
which cytologically show mitochondrial aggregation. The oxida- 
tion and reduction of mitochondrial pyridine nucleotide without 
a measurable change of cytoplasmic fluorescence suggest that 
compartmentalization of mitochondrial and cytoplasmic pyridine 
nucleotide occurs in vivo, at least in the grasshopper spermatid. 

Studies of other material, particularly pentaploid yeast cells 
and ascites tumor cells, indicate that similar changes of fluores- 
cence of the single cell are observed in the aerobic-anaerobic 
transition. In such cells, optical resolution does not permit 
localization of mitochondrial bodies. Nevertheless, the state of 
pyridine nucleotide in the individual cell can be investigated in 
its response to changes of metabolism and growth. 
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That the enhanced metabolic rate of hyperthyroid animals is 
reflected in an increased rate of oxygen consumption by the ex- 
cised tissues of such animals was discovered by Rohrer (1) in 
1924. Since that time many investigators have sought an ex- 
planation of this phenomenon by comparing the activity of var- 
jous respiratory enzymes in tissues from normal and hyperthy- 
roid rats. The results of such studies were summarized by 
Barker (2) in 1951. More recent work has demonstrated that 
hyperthyroidism results in increases of cytochrome oxidase (3, 4), 
the rate of oxidation of several substrates by mitochondria (4, 5), 
adenosine triphosphatase (4), and of reduced triphosphopyridine 
nucleotide-cytochrome ¢ reductase (6). The reported increases 
range from those which are barely significant to two times the 
normal activity. 

The present paper describes the large increase in rate of a- 
giveerophosphate oxidation by mitochondria from rats fed 
desiccated thyroid. It is shown that the increase in activity 
pertains only to the “particulate” a-glycerophosphate dehydro- 
genase of hepatic mitochondria and not that of the diphospho- 
pyridine nucleotide-linked dehydrogenase found in the soluble 
fraction. Attempts are made to clarify the mechanism of this 
huge increase in enzymatic activity. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


Male Sprague-Dawley rats, 200 to 300 g, maintained on 
Fromm ’s dog food were used as normal control animals. Thyro- 
toxic rats were produced by supplementing the feed with 2% 
desiccated thyroid (Wilson). Thrice washed rat liver mito- 
chondria were prepared in 0.25 Mm sucrose by the method of 
Schneider (7). One ml of the final suspension contained mito- 
chondria equivalent to that obtained from | g of original tissue. 
Mitochondria from other tissues were prepared in a similar 
manner. Submitochondrial particle suspensions were made by 
sonic vibration of an aqueous suspension of hepatic mitochondria 
as described by MeMurray et al. (8). The fraction used for 
the present study was the extract labeled (P + 8) (8). Each 
ml of this extract contained submitochondrial particles (and 
solubilized protein) equivalent to that obtained from 0.5 g of 
original tissue. The “soluble” a-glycerophosphate dehydrogenase 
as prepared by isolating the soluble fraction of 10% liver homog- 
enates. After centrifuging out the nuclei and mitochondria, the 
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supernatant fraction was centrifuged at 105,000 x g for | hour 
in a Spinco model L ultracentrifuge under refrigeration (0-2°). 
The clear supernatant protein solution was used in the spectro- 
photometric assay. 

The assay system utilizing whole mitochondria contained 50 
umoles of phosphate buffer, pH 7.4; 15 wmoles of MgSO,; 6 
umoles of ATP; 60 uwmoles of substrate, and 0.5 ml of mitochon- 
drial suspension in the main compartment of the flask. Isotonic 
sucrose was added to bring the volume to 2.8 ml. The side arm 
contained 50 umoles of glucose and | mg. of a crude (Type II, 
Sigma Chemical Company) yeast hexokinase preparation in a 
volume of 0.2 ml. A strip of filter paper and 0.2 ml of 5m KOH 
were placed in the center well. Respiration was measured by 
the conventional Warburg technique at 30° with air as the gas 
phase. Efficiency of oxidative phosphorylation was determined 
as deseribed by Lardy and Wellman (9). Inorganic phosphate 
was measured by the method of Lowry and Lopez (10). Nitrogen 
was determined by direct nesslerization after complete acid diges- 
tion. 

The following commercially available chemicals were used: 
disodium ATP, Pabst Laboratories; a ,8-glycerophosphate (40% 
a), Merck and Company; DPN, C. F. Boehringer and Soehne; 
phenazine methosulfate, Eastern Chemical Corporation. 

The assay system utilizing submitochondrial particles con- 
tained, in 3 ml, 50 uwmoles of Tris' buffer, pH 7.4, 10 umoles of 
phosphate buffer, pH 7.4, 10 wmoles of KF, 15 umoles of MgSO,, 
6 umoles of ATP, and 1.0 ml of particle suspension in the main 
compartment of the flask. The amount of substrate (0.2 ml) 
in the side arm is recorded with the tabulated data. Three 
umoles of DPN were added to the system when 8-hydroxybuty- 
rate was the substrate. When employed, phenazine methosul- 
fate (2 mg) and NaCN (3 umoles) in aqueous solutions were 
placed in the side arm at the expense of distilled water. The 
assay of the “soluble” a-glycerophosphate dehydrogenase ac- 
tivity was based on the reduction of DPN by a-glycerophosphate. 
The assay system contained, in a 3-ml cuvette, 100 wmoles of 
0.1 m HCO,--CO,;~ buffer, pH 10.0, | wmole of DPN, 15 umoles 
of iodoacetic acid, 60 umoles of glycerophosphate, 0.1 ml of 
soluble fraction, and 1.6 ml of glass distilled water. DPNH 
formation was measured at 340 my in a Cary model 11 recording 
spectrophotometer. 


RESULTS 
The rate at which a-glycerophosphate was oxidized by mito- 
chondria from thyroid-fed rats was 3 to 5 times as great as with 
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mitochondria from normal rats (Table 1). Much smaller in- 
creases occurred in the rate of oxidation of several other sub- 
strates, and the rate of 6-hydroxybutyrate oxidation was de- 
creased as had been reported earlier (5). The decreases in 
phosphorylation efficiency with glutamate as substrate were not 


TABLE I 


Oxidation and phosphorylation by mitochondria of liver and kidney 
from normal and thyroid-fed rats 


| Normal Thyroid-fed® 
Substrate Source | 
| O uptake” P:O O uptake P:O 
a-Glycerophosphate | Liver 3.4 (10)° | 2.2 | 16.4 (5) | 0.9 
Kidney 5.2 (6) 0.7 | 14.0 (5) | 0.3 
Brain 3.8 (2) |0.9| 4.2 (2) | 0.7 
Succinate Liver | 27.2 (9) 1.7 | 33.6 (5) | 1.5 
Kidney, 45.4 (9) 1.7 | 50.2 (5) | 1.3 
Choline Liver 3.5 (3) 2.4 5.3 (5) | 0.5 
Kidney 4.2 (1) 2.9 (1)4 
Glutamate Liver | 17.7 (10) 2.9 | 24.9 (4) | 2.5 
Kidney 15.6 (7) 2.8 19.6 (4) | 2.0 
8-Hydroxybutyrate Liver | 12.3 (9) 2.8 8.5 (4) | 2.8 
Kidney 3.9 (6) 2.1 2.4 (2) 


2 A diet containing 2% desiccated thyroid was fed for 10 days. 

’uAtoms of O per 20 minutes and calculated on the basis of 2 
mg of mitochondrial nitrogen. The amount of mitochondrial 
nitrogen ranged from 1.8 to 2.6 mg in the various experiments. 

¢ The number of animals is indicated in parentheses. 

4 The thyroid-containing diet was fed for 25 days. 
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Fic. 1. Oxidations by liver mitochondria from rats fed thyroid 
substance for varying periods of time. Solid line; rats fed 2°% 
desiccated thyroid for the number of days indicated. Broken 
line; rats fed control ration after receiving the diet containing 
thyroid substance for a period of 10 days. Each point represents 
the average value for mitochondria from 2 to 5 rats. 
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as striking as when malonate is included in the system as has 
been described previously (5, 11). 

The time course of this effect on glycerophosphate oxidation 
is depicted in Fig. 1. Succinate and glutamate oxidation in- 
creased 30 to 40% within 2 days, but the rate did not rise further 
with prolonged feeding of thyroid substance. Choline oxidation 
increased nearly 3-fold during the first five days but then de- 
creased to a level only slightly above the normal. The rate of 
oxidation of a-glycerophosphate increased continuously until a 
maximum, 5 times the original rate, was reached after 10 days, 
In other experiments, no increase in rate of a-glycerophosphate 
oxidation by liver or kidney mitochondria could be detected 
within 6 hours of feeding desiccated thyroid. The values at 12 
and 24 hours are definitely above the controls, and those for 
liver fall on the interpolated curve of Fig. 1. 

When various thyroid hormones were administered subcu- 
taneously, more rapid responses were observed. Twenty-four 
hours after a single injection of the following compounds in 200-g 
rats, liver mitochondrial glycerophosphate oxidation was in- 
creased above the normal rate as designated: 1 mg thyroxine, 
20°.; 0.2 mg triiodothyronine, 200°,; 1 mg triiodothyroacetic 
acid, 80%. 

Fig. 1 also illustrates the effect of withdrawing desiccated 
thyroid from the diet after 10 days. The increased a-glycero- 
phosphate dehydrogenase activity returned to approximately 
the normal control levels in 10 days. Choline and 8-hydroxy- 
butyrate oxidations increased slightly after withdrawal of thy- 
roid substance. The liver and kidney mitochondria of five 
thyroidectomized rats oxidized a-glycerophosphate at 60 and 
16°;, respectively, of the normal rate. Injection of triiodo- 
thyronine into thyroidectomized rats rapidly brought the onida- 
tion back to, or above, the normal rate. Thyroidectomy did not 
significantly decrease the rate of choline, succinate or glutamate 
oxidation but oxygen consumption with #-hydroxybutyrate as 
substrate was decreased by 40%. 

To ascertain the substrate specificity in the hyperthyroid 
mitochondria, several 3-carbon compounds were tested (Table 
II). Pure, synthetic L-a-glycerophosphate (12) was oxidized at 
about the same rate as the mixture of B- and pL-a-isomers. The 
oxidations of glycerol and propanediol phosphate were slow and 
no greater than with normal hepatic mitochondria. Propanediol 
was not oxidized detectably. These results indicate that the 
enzyme which responds to thyroid feeding is quite specific for 
a-glycerophosphate. 

The mitochondria of hyperthyroid animals are known to be 
swollen (13), presumably because an excess of the hormone 
renders the membrane more permeable. The enhanced rate of 
a-glycerophosphate oxidation could conceivably reflect greater 


II 


Oxidations of various 3-carbon substrates by hepatic mitochondria 
from thyroid-fed rats 


Substrate Concentration Qog( )* 
a,8-Glycerophosphate 2x10? 326 
L-a-Glycerophosphate 1x 10°? 373 
Glycerol 1x 10° 23 
Propanediol 1x 10° 0 
Propanediol phosphate 1 xX 10°? 23 


Qo, (N) designates ywliters O. hr-' X mg™! mitochondrial N. 
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penctration of the substrate into mitochondria from thyroid-fed 
rats. To test this possibility, mitochondrial membranes were 
decomposed by sonic oscillation (8); the submitochondrial parti- 
cles plus the material rendered soluble were used as the source 
of oxidative enzymes (Table II]). The rates of oxidation of 
8-hydroxybutyrate and choline were decreased in preparations 
from thyroid-fed rats as compared with those from normal rats. 
The rate of succinate oxidation was enhanced slightly. With 
a-glycerophosphate as substrate, the preparations from thyroid- 
fed rats consumed oxygen at 7 times the rate of the control 
preparations. Obviously the oxidative system is more active 
in the thyroid-fed rat and permeability differences are not the 
basis of this effect of thyroid hormone. 

Ringler and Singer (14) have recently reported the successful 
use of phenazine methosulfate as an electron acceptor with 
solubilized preparations of the a-glycerophosphate dehydrogenase 
from brain and skeletal muscle mitochondria. With the soni- 
cated preparation from liver mitochondria, phenazine metho- 
sulfate supported good rates of oxygen uptake in the presence of 
sufficient cyanide to block, virtually completely, the normal 
respiratory pathway. The results establish that the increased 
rate of a-glycerophosphate oxidation arising from thyroid feeding 
is paralleled by the same 7-fold increase in a-glycerophosphate 
dehydrogenase activity (Table ILI). 

In contrast to the enhanced activity of the particulate a-gly- 
cerophosphate dehydrogenase, the soluble, DPN-linked dehy- 
drogenase is not affected by thyroid feeding (Table IV). 

An attempt was made to gain some information about the 
processes involved in the hormone-induced elevation of a-gly- 
cerophosphate dehydrogenase activity. Five groups of 4 rats 
each were fed the stock diet (Fromm Dog Meal) and four groups 
received the supplements described in Table V for a period of 8 
to 20 days before they were killed. 

When protein synthesis was blocked by including ethionine in 
the diet (Group ILL), feeding thyroid substance had only a slight 
effect on a-glycerophosphate dehydrogenase activity. Thus, 
thyroid hormone is probably not functioning by activating a 
latent or zymogen precursor of the dehydrogenase. New pro- 
tein synthesis appears to be required for the enhanced dehydro- 
genase activity. Ethionine added to the control diet (Group IV) 
did not significantly lower enzymic activity. 

Thyroid hormone could conceivably exert its effect by increas- 
ing the tissue content of a-glycerophosphate which, in turn, 
might result in an induced increase of dehydrogenase for this 
substrate. If this is the case, administration of glycerol must 
result in little or no increase in tissue a-glycerophosphate, for it 
had no effect on the a-glycerophosphate dehydrogenase activity 
(Group V, Table V). 


DISCUSSION 


The fact that there are two types of a-glycerophosphate de- 
hydrogenase in mammalian tissues is well known. The enzyme 
found in the soluble fraction requires DPN for its function 
(15, 16), but the enzyme associated with cell particles does not 
(17). Both enzymes produce the same product, namely, dihy- 
droxyacetone phosphate (16, 18). It is interesting that thyroid 
feeding increases only the particulate a-glycerophosphate de- 
hydrogenase activity, and not the soluble enzyme. It has been 
postulated (19, 20) that the system a-glycerophosphate-dihy- 
droxvacetone phosphate can serve as an electron carrier between 
the extramitochondrial and intramitochondrial phases of the 
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Taste Ill 
Oxidation of various substrates by hepatic submitochondrial particles 
from normal and thyrotoric rats 
Incubated for 20 minutes at 30° with air as the gas phase. The 
amounts of substrates used are as follows: 8-hydroxybutyrate, 40 
umoles; succinate, 30 wmoles; choline, 30 umoles; a,38-glycerophos- 
phate (25°) a), 120 umoles. 


Qo, 

Substrates Additions 

| Normal | Thyrotoxic 

a-Glycerophosphate 21 °(7)% | 141 
8-Hydroxybutyrate (6) | 155 (5) 
Succinate 106 (3) (2) 
Choline — §3 (3) | 57 (2) 

a-Glycerophosphate None = «15 (2) | 123 (2) 
a-Glycerophosphate CN- | 2(2) | 
a-Glycerophosphate | 26 (2) | 151 (2) 
a-Glycerophosphate | CN~ + PMS| 23 (2) | 176 (2) 


* Qo, designates wliters X hr-' X mg™! mitochondrial N. 

®’ The number of animals studied is designated in parentheses. 

¢ PMS is phenazine methosulfate. (More oxygen is consumed 
in the presence of this dye because of peroxide formation.) 


TaBie 1V 
Thyroid-feeding and activity of hepatic, soluble a-glycerophosphate 
dehydrogenase 
The values recorded are averages from 4 rats in each group. 


Group | 4S Optical density per 30 


| seconds + | value 
Control | 0.072 + 0.010 | 
Thyroid-fed* 0.073 + 0.006 | >0.50 


* Rats fed 2% desiccated thyroid for 18 to 20 days. 


TaBLe V 


Comparison of a-Glycerophos phate dehydrogenase activity in hepatic 
mitochondria of rats receiving various treatments 


Group Treatment N) + | p value 
I | Fed stock diet (control) | 64 + 6 | | 
II | Fed 2% desiceated thyroid 233 + 15 10.4 | <0.001 
diet | 
III Fed 2°, desiceated thy- | 86 4+ 5 2.8 <0.05 
| roid plus 0.5°% pL-ethi- | 
 onine diet | 
IV | Fed 0.5°% pt-ethionine 52 + 1 2.0 0.05 
diet | | 
V | Daily injections of 2 g/kg 66 + 8 0.2 >0.50 


glycerol intraperitone- | | 
ally 


cell. Dihydroxyacetone phosphate may be reduced by DPNH 
and the resultant L-a-glycerophosphate may diffuse into the 
mitochondria where it is oxidized by the particulate enzyme. 
The intramitochondrial product, dihydroxyacetone phosphate, 
is assumed to diffuse out to be reduced by another molecule of 
DPNH. Experiments? with isolated cell fractions indicate that 


27M. J. Erwin, C.-J. Mo, and H. A. Lardy, unpublished experi- 
ments. 
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this system is of greater significance for the oxidation of DPNH 
than the DPNH-cytochrome b; reductase found in microsomes. 

The present findings, together with those of Phillips and Lang- 
don (6), suggest that the functions of the thyroid hormones may 
be related to the regulation of electron transport between ex- 
ternal pyridine nucleotides and the cytochrome system of the 
mitochondria. It may be significant that mitochondria from 
brain, a tissue which does not increase its respiration in hyper- 
thyroidism (21), do not oxidize glycerophosphate more rapidly 
after administration of thyroid substance. 


SUMMARY 


The liver mitochondria of rats fed desiccated thyroid oxidize 
L-a-glycerophosphate 5 times more rapidly than do normal 
mitochondria. This difference is not diminished by sonic dis- 
ruption of the mitochondria and is still apparent in assays for 
the mitochondrial a-glycerophosphate dehydrogenase with phen- 
azine methosulphate as electron acceptor. In contrast, the 
activity of the diphosphopyridine nucleotide-linked a-glycero- 
phosphate dehydrogenase of the soluble fraction is not altered 
by thyroid feeding. 

The enhanced a-glycerophosphate dehydrogenase activity ap- 
pears to involve the synthesis of new enzyme protein, for it is 
strongly inhibited by feeding ethionine with the thyroid-contain- 
ing ration. 
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Until recently, the only experimentally documented photo- 
chemical activity of isolated chloroplasts was the Hill reaction 
(3) in which illuminated chloroplasts evolve oxygen in accordance 
with Equation 1: 


A + HO — + (1) 


where A represents a nonphysiological electron or hydrogen 
acceptor such as ferricyanide or benzoquinone (4). 

Recent experiments (5-8) have shown that the Hill reaction 
is a fragment of a photosynthetic phosphorylation of the non- 
evelie type (9). For example, with ferricyanide as the electron 
acceptor, oxygen evolution is coupled with ATP formation, in 
accordance with Equation 2." 


+ 2H.0 + 2ADP + 


Cy + + 2ATP + 4H* (2) 


The recognition of the Hill reaction as an uncoupled photo- 
phosphorylation was paralleled (5-8) by the identification of the 
physiological counterpart of Reaction 2, the noneyclie photo- 
phosphorylation reaction in which oxygen evolution and ATP 
formation are linked with TPN reduction (Equation 3). 


2TPN + 2H,O + 2ADP + — 2TPNH, + + 2ATP (3) 


Isolated chloroplasts have also been found to form ATP by 
a evelie photophosphorylation (5-8) in which ATP is the sole 
product of the photochemical reaction (Equation 4). 


ADP + P; — ATP (4) 


In addition to photosynthetic phosphorylation recent work 
has also provided direct experimental evidence (10-14) for the 
often asserted but never previously demonstrated capacity of 
isolated chloroplasts to assimilate CO, photosynthetically to the 
level of carbohydrates. COs: assimilation by isolated chloro- 
plasts was found to be a dark process (15) dependent on a 
photochemically generated “assimilatory power’ comprising 
two components: TPNH» and ATP formed by the nonevelie 
and evelie photophosphorylation reactions (Equations 3 and 4). 

Noneyelie photophosphorylation (Equation 3) provides all 
the three expected products of the light phase of photosynthesis: 
0. TPNH», and ATP. Cyelie photophosphorylation (Equation 


* Preliminary reports of this work have been published previ- 
ously (1, 2). 

t Aided by grants from the National Institutes of Health, United 
States Public Health Service, and the Office of Naval Research. 

' The abbreviations used are: FMN, flavin mononucleotide; P,, 
orthophosphate. 


4) supplies only ATP and the participation of this reaction in 
CO, assimilation would be needed only if the ATP formed in 
Reaction 3 were insufficient for CO, assimilation to the level of 
carbohydrate. 

The purpose of this article is to present evidence that in 
photosynthesis by isolated chloroplasts, assimilation of CO, to 
the level of sugar phosphates requires a properly balanced partici- 
pation of both light reactions: cyclic and noneyelic photophos- 
phorylation (Equations 4 and 3). In the present investigation 
the balance between the two light reactions was maintained by 
regulating the concentration of cofactors of cyclic photophos- 
phorylation (16, 17). 


EXPERIMENTAL 


Methods—Broken chloroplasts from spinach (16) or sugar 
beet leaves (18) were used in all the experiments described herein. 
The broken chloroplasts were prepared with ascorbate (C), 
particles) as previously described (16). Chloroplast extract 
was prepared with 0.0835 m NaCl and used without dialysis. 
CO. fixation was carried out at 20° in rectangular Warburg 
manometer vessels, flushed with argon gas before turning on the 
light (approximately 23,000 lux). The period of illumination 
was 30 minutes. The reaction was stopped by adding to each 
vessel 0.1 ml of glacial acetic acid. Total COs fixation was 
measured by pipetting aliquots from each treatment on stainless 
steel planchets, evaporating to dryness, and counting C™ with 
a thin window Geiger-Miller counter. For the identification 
of the products of CO, fixation the contents of the Warburg 
vessels were centrifuged, and aliquots of the supernatant liquid 
were subjected to two-dimensional paper chromatography (on 
Whatman No. 41 paper) using as solvents (a) SO phenol-20 water 
and (b) a mixture of 52 parts n-butanol, 14 parts glacial acetic 
acid and 35 parts water. 

The radioactivity in the individual compounds, located on the 
papers by radioautography, was determined by counting on the 
dried papers. The individual compounds were identified by 
elution and subsequent cochromatography with samples of 
authentic compounds. Sugar phosphates were further identified 
by dephosphoryvlation with phosphatase (Polidase) and rechroma- 
tography with the corresponding authentic sugars. 


RESULTS 
Experimental documentation for the participation of cyclic 
photophosphorylation (Equation 4) in COs, assimilation by 
chloroplasts required use of a system different from the one 
described before in which TPN H. and ATP were already supplied 
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in excess, and a second reaction for generating ATP would be 
superfluous (cf. Trebst et al. (15), Table 1). In the experiments 
to be described presently, evidence for the participation of cyclic 
photophosphorylation in CO: assimilation of isolated chloro- 
plasts was obtained in a “catalytic”? system, i.e. one in which, 
as in an intact cell, TPNH» and ATP were formed in catalytic 
amounts and CQO, fixation was therefore possible only in the 
light while TPNH, and ATP were being continuously regenerated 
at the expense of absorbed light energy. 

Effect of FMN on CO, Fixation—As shown in Table I, when 
the exogenous supply of ATP (2 uwmoles) was replaced by a 
“catalytic” system containing 0.5 umole of ADP, orthophos- 
phate, and 0.3 umole of TPN, COsz fixation was sharply reduced 
(Treatment B). However, the addition to the reaction mixture 
of an extremely minute quantity of FMN (0.001 umole) greatly 
increased total CO, fixation (Treatment C). In the presence of 
this minute amount of FMN the capacity of chloroplasts to 
fix CO» was equal to, if not greater than, that in Treatment A in 
which 2 umoles of exogenous ATP were supplied. 


TABLE I 
Effect of riboflavin phosphate (FMN) on COz fixation dependent on 
regeneration of ATP in light 

Each vessel contained in a final volume of 2.5 ml: broken chloro- 
plasts (Cj,) containing 0.5 mg of chlorophyll; chlorophyll extract 
(CE) equivalent to 2 mg of chlorophyll; and the following in 
umoles: tris(hydroxymethyl)aminomethane pH 7.5, 80; MgCl», 
5; MnClo, 2; sodium ascorbate, 10; sodium phosphate, 5; reduced 
glutathione, 5; ribose 5-phosphate, 0.3; sodium carbonate-C", 10. 
In addition to the indicated ATP and ADP supplements, Treat- 
ment A included 2 wmoles of TPN and each of Treatments B and 
C, 0.3 umole of TPN. 


Treatment | Total CO: fixed 
A. Control, 2 umoles of ATP... | 232,000 
| 265 , 000 


C. 0.5 umole of ADP, 0.001 wmole of FMN 


II 
Effect of FMN concentration on COs fixation by illuminated 
chloroplast fragments from sugar beets 
The reaction mixture was the same as that described for Treat- 
ment Bin Table L except that glutathione was omitted and each 
vessel contained, in addition to the indicated concentration of 
FMN, 0.3 umole of glucose 1-phosphate instead of ribose 5-phos- 


Total C™ fixed as 


| FMN added Total CO» fixed 
acid phosphates* 
| pmole/3 ml c.p.m. CO 

110,000 88 3 
0.0002 105,000 | 32 65 

B | oo | 2800 | @ sO 
0.005 21,00 | | 8&8 

eS | 275,000 | 60 35 

c | 05 | 


phate. 
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The effect of FMN on COs, fixation was investigated in greater 
detail by varying the concentration of this cofactor of cyclic 
photophosphorylation. In addition to ati increase in total CO, 
fixation, a striking correlation was observed between the con- 
centration of added FMN and the pattern of carbon compounds 
formed. Table II shows that, depending on the concentration 
of FMN, the products of CO, assimilation were either predomi. 
nantly sugar phosphates, which are taken here as a measure of « 
reductive (photosynthetic) assimilation pattern, or phospho- 
glyceric acid. Phosphoglyceric acid was the chief product of 
CO, assimilation when either no FMN (Treatment A) or a 
relatively large amount of FMN (0.5 umole) (Treatment C) 
was added to the reaction mixture. At a range of low FMN 
concentration, from about 0.001 to 0.01 umole per 3 ml, sugar 
phosphates were the predominant products of CO» assimilation 
(Treatment B). These effects of FMN concentration on the 
pattern of CO, assimilation are illustrated in Figs. | to 3. 

Effect of Vitamin Kz; and Phenazine Methosulfate on CO, 
Firation—Similar effects on total CO: fixation and the pattern 
of compounds formed were also observed by adding two other 
cofactors of cyclic photophosphorylation: vitamin K, and 
phenazine methosulfate. Typical results are shown in Table 
Ill. At the same molar concentration, FMN, vitamin Kg3, or 
phenazine methosulfate produced comparable effects on total 
CO, fixation and on the relation between phosphoglycerate and 
sugar phosphates. The addition of small amounts of any one 
of the three cofactors of cyclic phosphorylation (0.01 wmole per 
3 ml) increased total CO, fixation several times and gave sugar 
phosphates as the main products of photosynthesis. At a 
concentration of 0.3 uwmoles per 3 ml the formation of sugar 
phosphate was markedly decreased and phosphoglyceric acid 
appeared as the principal product of CO: fixation. 


DISCUSSION 


The results of this investigation show that the addition of one 
of the cofactors of cyclic photophosphorylation, FMN, vitamin 


T2s-9 
Cig FM added 


Fic. 1. Radioautograph of a chromatogram showing products 
of photosynthetic CQ), assimilation by illuminated chloroplasts 
Other con- 


in the absence of added riboflavin phosphate (FMN). 
ditions as given in Table 2. 


phate. Final volume 3.0 ml. 
* Sugar mono- and diphosphates and dihydroxyacetone phos re 
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Cy 0.001 


F1a. 2. Radioautograph of a chromatogram showing products 
of photosynthetic C™O, assimilation by illuminated chloroplasts 
supplied with 0.001 ym riboflavin phosphate (FMN). Other con- 
ditions as given in Table 2. 


K, or phenazine methosulfate, has a marked effect on CO, 
assimilation in a “catalytic” system in which CO, assimilation 
by chloroplasts depends on regeneration by light of assimilatory 
power, Ze. on TPNH, and ATP. Since there is no evidence to 
indicate that minute amounts of FMN, vitamin K, or phenazine 
methosulfate influence directly the enzymatic reactions responsi- 
ble for CO, assimilation, it seems reasonable to seek an explana- 
tion of the observed results in the previously observed effects of 
these cofactors of eyclic photophosphorylation on the course of 
the light reactions (5, 17). 

Without the addition of one of the cofactors of cyclic photo- 
phosphorylation, the light reactions of isolated chloroplasts are 
limited to noneyclic photophosphorylation (Equation 3). The 
ratio of TPNH.to ATP formed is 1:1. Adding a minute amount 
of FMN, vitamin Kg, or phenazine methosulfate to a noneyelic 
photophosphorylation system increases ATP formation without 
appreciably depressing oxygen evolution and the corresponding 
TPNH. accumulation (ef. Arnon et al. (17), Tables 3 and 4). 
The ratio of ATP to TPNH, formed becomes greater than 1. 
It appears likely that under these conditions evelie photophos- 
phorylation (Equation 4) is superimposed on the noneyelic 
process (Equation 3) and contributes additional ATP. 

The shift from phosphoglycerate to sugar phosphates as the 
main products of CO, assimilation (compare Fig. 1 and Fig. 2) 
is explained by the additional ATP formed in the light by evelic 
photophosphorylation as a result of adding one of its cofactors, 
Without this addition the light reaction is limited to nonevelic 
photophosphorvlation (Equation 3) and fails to provide suffi- 
cient ATP for the reduction of CO, to sugars. It is concluded 
that the 1:1 ratio of ATP to TPNH. which characterizes Reac- 
tion 3 is insufficient for the reduction of CO, to the level of 
carbohydrate. 

The need for more ATP than TPNH, in CO, assimilation is 
consistent with the view that there are two sites for phosphorvla- 
tion but only one site for reduction in the formation of carbo- 


hvdrates. The two ‘phosphorylation reactions are: the 


phosphoribulokinase reaction (Equation 5) (19-22) and the phos- 
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Fic. 3. Radioautograph of a chromatogram showing products 
of photosynthetie C'O, assimilation by illuminated chloroplasts 
supplied with 0.5 um riboflavin phosphate (FMN). Other condi- 
tions as given in Table 2. | 


Tasie 
Effect of concentration of cofactors of cyclic photophosphorylation 
on COs firation by illuminated spinach chloroplasts 
I:xperimental conditions as in Table II, except for the indicated 
additions of FMN, vitamin K;, and phenazine methosulfate. 


Total C™Os fixed as 
Total C™Ors fixed 


Cofactor added 


| 
| 
| 
| pmole | | % | 
None | | 79,000 | 
FMN | 0.01 | 318,000 15 | 69 
0.3 | 415,000 65 | 32 
Vitamin K; | O.O1 | 530 , 000 | 16 | 77 
on 390,000 | 92 | 6 
Phenazine 0.01 310,000 | S | S6 
methosulfate 0.3 267,000 70 27 


— 


* Sugar mono- and diphosphates and dihvdroxyacetone phos- 
phate. 


phoglycerate kinase reaction (Equation 6). TPNH, is used only 
in the triosephosphate dehydrogenase reaction (Hquation 7). All 
three enzymes concerned have been found in the chloroplast 
preparations used in these experiments.? 

phosphoribulokinase 


Ribulose 5-phosphate + ATP — 


(5) 

ribulose 1,5-diphosphate + ADP 

phosphoglycerate kinase 
3-phosphoglveerie acid + ATP : > 6) 
) 

1,3-diphosphoglyceric acid + ADP 

1,3-diphosphoglyceric acid + TPNH, 

triosephosphate dehydrogenase (7) 


giveeraldehyde 3-phosphate + H,PO, + TPN 


*M. Losada, A. V. Trebst, and I). I. Arnon, manuscript sub- 
mitted for publication. 
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When, in the absence of added cofactors of cyclic photophos- 
phorylation, the light reactions of chloroplasts are limited to 
noncyclic photophosphorylation (Equation 3), the ATP formed 
is insufficient for both phosphorylating sites. As the ATP 
formed by Reaction 3 is used in the phosphorylation of ribulose 
5-phosphate (/quation 5), the 1:1 ratiobetween ATP and TPNH, 
needed for the reduction of phosphoglycerate (Equations 6 and 
7) begins to decrease. Eventually, in a “catalytic” system, this 
would bring the reduction of phosphoglycerate to a halt. Phos- 
phoglycerate would then tend to accumulate (Fig. 1) as the 
ribulose diphosphate formed in Reaction 5 acts as a COs acceptor 
and is subsequently cleaved by the carboxylase reaction (21-24). 

The predominance of phosphoglyceric acid among the products 
of CO>» assimilation when a larger amount of one of the factors 
of cyclic photophosphorylation is added to the reaction mixture 
(Fig. 3) is also explained by the previously observed effects of 
FMN, vitamin K, or phenazine methosulfate on noncyclic 
photophosphorylation (5, 17). When one of these cofactors is 
added to a noneyclic photophosphorylation system at the higher 
concentrations shown in Fig. 3 (also in Tables II and III), the 
noneyclic photophosphorylation is converted to the cyclic type 
(5, 17). Oxygen evolution and the accumulation of reduced 
TPN are suppressed, phosphorylation is sharply increased, and 
the principal product of the light reaction is ATP (cf. Arnon et al. 
(17), Figs. 7 and 8). Under these conditions the reduction of 
phosphoglycerate acid could not occur, since the triosephosphate 
dehydrogenase reaction (Equation 7) would be blocked by a lack 
of the reductant TPN He. 

It appears, therefore, that the nonoccurrence of a reductive 
(photosynthetic) COs assimilation resulting in the formation of 
sugar phosphate can be caused either by a shortage of ATP 
(Fig. 1) or of TPNHe (Fig. 3). In both cases phosphoglycerate 
would appear as the predominant product of CO: assimilation 
because its further assimilation would be blocked. 

Although on the basis of present evidence the two sites for 
ATP action in CQ, assimilation appear to be the phospho- 
ribulose and the phosphoglycerate kinase reactions (Equations 
5 and 6), there is a possibility that the second site for ATP 
action in the phosphorylation may be not the phosphorylation 
of phosphoglycerate but that of some unstable 6 carbon com- 
pound, which, in vivo, undergoes phosphorylation before redue- 
tion by TPNH, without breaking up into 2 moles of phospho- 
glycerate (25, 26). 

In the experiments reported here the formation of sugar 
phosphates which is taken as a measure of photosynthetic CO, 
assimilation occurred only when a proper balance was maintained 
between cyclic and noneyelic photophosphorylation. — In isolated 
chloroplasts this balance was maintained by adding different 
amounts of one of the catalysts of cyclic photophosphorylation. 
It is assumed that the intact cell has suitable physiological 
regulatory mechanisms for keeping the two reactions in balance. 


SUMMARY 


CO, assimilation in isolated chloroplasts was investigated in a 
“catalytic” system under three conditions: (1) when the photo- 
chemical phase was limited to noneyelic photophosphorylation, 
(2) when the photochemical phase was limited to evelic photo- 
phosphorylation, and (3) when the photochemical phase included 
both evelic and noneycelic photophosphory lations. 
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Under Conditions 1 or 2, CO, assimilation was limited almost 
entirely to the formation of phosphoglycerate. Sugar phos 
phates were the predominant products of CO» assimilation only 
in Condition 3. These results are interpreted as having been 
caused by a shortage of adenosine triphosphate (ATP) in Condi 
tion 1 and of reduced triphosphopyridine nucleotide (TPN H,.) 
in Condition 2; only in Condition 3 was a proper balance estab. 
lished between ATP and TPNH, formed at the expense of light 
energy, to make the formation of sugar phosphates possible. 

The balance between the noncyclic and cyclic photophos- 
phorylation necessary to bring about a photosynthetic (reduc- 
tive) type of CO» assimilation was maintained by adding to the 
reconstituted chloroplast system minute amounts of one of the 
catalysts of cyclic photophosphorylation, riboflavin phosphate, 
vitamin K, or phenazine methosulfate. 
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In a previous communication (1) the purification of a soluble 
enzyme system from mitochondria capable of catalyzing an ex- 
change reaction between P®-orthophosphate with the terminal 
phosphate of adenosine triphosphate was reported. This ac- 
tivity was found in aqueous extracts of mitochondria from livers 
of rat, guinea pig and hog, and of beef heart. Two reaction 
types (Schemes I and II) were suggested as possible explanations 
for the observed exchange between P®-orthophosphate and 
adenosine triphosphate. 


I. ATP + X = ADP + XP (1) 
XP + Y= XY + P}} (2) 

Il. ATP + X — ADP—X + P;, (3) 
ADP—X + Y =— XY + ADP (4) 


It was assumed that X and Y are either reactive groups on 
the enzyme(s) or substances closely associated with the pro- 
tein(s). If either one of the mechanisms (1 or I1) is correct, 
ADP should be a participant in the postulated reaction se- 
quences, either according to Equation 1 or 4. The observation 
that the addition of ADP to the reaction mixture was required 
for optimum P,®-ATP exchange activity was in support of this 
premise (1). Direct evidence for the essential role of ADP came 
from further studies which demonstrated that the same purified 
enzyme system capable of catalyzing the P ,”-ATP exchange also 
exhibited ADP®-ATP exchange activity (2). Details of the re- 
lationships of these two exchange reactions are described in this 
communication. 


EXPERIMENTAL 


Chemicals 
Purine and pyrimidine nucleotides and nucleosides, p-hy- 
droxymercuribenzoate, and Type IIL yeast hexokinase were pur- 
chased from Sigma Chemical Company. CoA was obtained 
from Pabst Laboratories. L-Cysteine HCl, protamine sulfate, 
Dicumarol, and tetrazolium blue were procured from Nutritional 
Biochemicals Corporation. -Glutamic acid was from H. M. 


* Postdoctoral fellow of the National Foundation for Infantile 
Paralysis. 

t Senior Fellow of the United States Public Health Service. 
These studies were supported in part by grants from the National 
Institutes of Health, United States Public Health Service. 

' The abbreviation used is: P;, orthophosphate. 


Chemical Company. Imidazole, 2,4-dinitrophenol, iodoacetate, 
ethylenediaminetetraacetic acid disodium salt, and purified calf 
skin gelatin were obtained from Eastman Kodak. 2,4-Dinitro- 
phenol and iodoacetic acid were recrystallized before use. N- 
Ethylmaleimide was purchased from Schwarz Laboratories. 
Reagent grade Dowex resins were purchased from California 
Corporation for Biochemical Research. Human serum albumin 
was a gift from Dr. Emil L. Smith. Other organic and inorganic 
chemicals were of reagent grade, and glass redistilled water was 
used throughout the experiments. 

ATP® was prepared by the incorporation of P;” into the 
nucleotide by rat liver mitochondria. ADP® was prepared from 
the above ATP® by allowing the triphosphate to react with 
glucose in the presence of Sigma Type III hexokinase which had 
been treated with \V-ethylmaleimide to inactivate contaminating 
adenylate kinase (3).2 ATP® and ADP® were purified by ion 
exchange chromatography (4), precipitated as the barium salts, 
and were converted to the potassium salts for use. ADP® was 
terminally labeled and ATP® was labeled about equally in the 
8- and y-phosphate groups. When the purified ATP® or ADP® 
was submitted to paper chromatography and paper electrophore- 
sis, about 93% of the total radioactivity was found in either ATP 
or ADP, respectively. The remainder of the radioactivity was 
shared about equally by ADP or ATP, respectively, and Pj. 
IDP® was prepared from ADP® by the method of Kleinzeller (5). 


Assay Methods 


ADP-ATP Exchange—The standard reaction mixture for the 
ADP-ATP exchange had the following composition: ADP® 1.5 
mM, ATP 1 mm, MnSO, 2 mo, imidazole 40 mm, and orthophos- 
phate 1.5mm. All reagents were adjusted to pH 6.7. Enzyme 
solution, water, and other additions were brought to a final 
volume of 0.1 ml. The reaction was started by adding enzyme, 
incubated at 25° for 30 or 60 minutes, and stopped by immersing 
the reaction tubes in a boiling water bath (95.5°) for 3 minutes. 
Control experiments indicated that the heating procedure did 
not lead to the decomposition of the P*-containing compounds 
under investigation. Coagulated proteins were removed by 
centrifugation and the supernatant fluid was analyzed. 

All assays were accompanied by two control samples. One of 
these did not contain enzyme but was incubated with the experi- 


2? We should like to express our appreciation to Dr. E. Racker 
for making the details of this procedure available to us. 
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mental tubes, while the other was the complete mixture, but the 
enzyme was inactivated at zero time. 

The nucleotides and orthophosphate were separated by the 
paper chromatography procedure of Krebs and Hems (6) or by 
paper electrophoresis. The latter procedure was carried out with 
0.03 m citric acid-sodium citrate buffer, pH 3.2, on3 MM What- 
man paper (that had been washed with 2 N HCl! until the eluate 
had become free of orthophosphate or acid-labile phosphate and 
then with distilled water to remove HCl). A voltage gradient 
of 19 volts per cm was used. Nucleotides on the paper were lo- 
cated with ultraviolet light and P*-containing compounds by 
radioautography. The areas detected in this manner were cut 
out and their radioactivity was determined with a thin window 
gas flow counter. 

The rate of phosphate transfer was estimated from the amount 
of ADP® at zero time and the relative amount of radioactivity 
recovered in the newly labeled compound upon incubation and 
was calculated by the formula: umoles ADP® (initial) * ¢.p.m. 
ATP/(c.p.m. ADP + e¢.p.m. ATP) = yumoles ADP® incorpo- 
rated. No attempt was made to calculate the absolute rate of 
transphosphorylation by the use of the correction factors of 
Boyer et al. (7). However, the amount of enzyme used in the 
assay was adjusted to a level where the net transfer of radioac- 
tivity was usually at approximately 40% or less of the expected 
isotopic equilibrium and the exchange rate was linear for 1 hour. 
When duplicate samples were analyzed by this method, an exam- 
ple of the 95% confidence limits for the average was 39 my- 
moles + 11 myumoles. 

P*-ATP Exchange—The composition of the reaction mixture 
and the conditions of incubation were the same as those described 
for the ADP-ATP exchange except that P; was labeled with P®, 
the ATP concentration was 0.3 mM instead of 1.0 mM, and the 
final volume was 2 ml. Bound organic phosphorus-P® was usu- 
ally determined by the molybdate extraction method and the 
rate of phosphate transfer was calculated as described previously 
(1). At times the standard ADP-ATP exchange reaction mix- 
ture (0.1 ml) with P;* and unlabeled ADP was also used. In 
these cases the nucleotides and P; were separated by paper 
chromatography (6). The substances on the paper were then 
located and counted by the same methods as described above for 
the ADP-ATP exchange. An excellent agreement between the 
two procedures was obtained. 

Location of Label in AT P*—The reaction mixtures obtained in 
the ADP®-ATP exchange experiments were chromatographed 
and the amount of radioactivity in ADP and ATP was ascer- 
tained as previously described. The ATP was then eluted and 
treated with glucose and an excess of either crystalline yeast hexo- 
kinase or N-ethylmaleimide treated yeast hexokinase. The re- 
sulting glucose 6-phosphate (y-phosphate group of ATP), and 
ADP (8-phosphate group of ATP) were separated by paper chro- 
matography and counted. Residual ATP was never present af- 
ter the glucose-hexokinase treatment. 

In the routine examination of the exchange enzyme for con- 
tamination with adenylate kinase, an aliquot of the reaction mix- 
ture, instead of isolated ATP, was incubated with hexokinase and 
glucose. The hexokinase-treated mixture was acidified to 1 N 
with H.SO, and was heated in a boiling water bath (95.5°) for 30 
minutes. Under these conditions, hydrolysis of glucose 6-phos- 
phate and adenosine 5’-phosphate amounted to less than 1% 
whereas that of the acid labile groups of ATP and ADP was es- 
sentially complete. Bound organic phosphate was then deter- 
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mined by the molybdate extraction method. After making the 
appropriate corrections for dilution, the value for the y-phos- 
phate group of ATP thus obtained was subtracted from that of 
total ATP determined by the chromatographic procedure, the 
difference being the content of radioactivity of the 8-phosphate 
group of ATP. 


Preparation of Exchange Enzyme 


The preparation of acetone desiccated mitochondria from hog 
liver and the first and second steps of the procedure here are 
identical with those previously described (1). The description 
of Steps 1 and 2 is repeated here for the sake of completeness, 
All manipulations were carried out at 2° to 5°. 

1. Extraction of Enzyme—Acetone powder, 10 g, was sus- 
pended in 150 ml of distilled water with stirring. After 30 min- 
utes the mixture was centrifuged at 30,000 x g for 30 minutes 
and the residue was discarded. 

2. First Protamine Precipitation—To the clear supernatant 
fluid from the previous step, 5% protamine sulfate (adjusted to 
pH 6.7 with KOH solution) was added until no further precipitate 
was obtained. The resulting suspension was centrifuged at 30,- 
000 x g for 15 minutes, and the supernatant solution was dis- 
carded. The residue was washed with water, and then suspended 
in 100 mi of 0.1 M ammonium acetate in a Potter-Elvehjem 
homogenizer. After stirring for 30 minutes the mixture was 
centrifuged at 30,000 x g for 15 minutes. The residue was dis- 
carded. 

3. Second Protamine Precipitation—The supernatant solution 
was treated with protamine sulfate and washed as in the previous 
step. Upon centrifugation the resulting precipitate was taken 
up in 50 ml of 0.3 saturated ammonium sulfate solution, homog- 
enized, and stirred for 350 minutes. The saturated solution at 
25° was 4.1 M in ammonium sulfate. Suspended particles were 
removed by centrifugation at 30,000 x g for 15 minutes. 

4. Ammonium Sulfate Precipitation—The enzyme extract was 
brought from 0.3 to 0.5 saturation by the addition of saturated 
ammonium sulfate solution. The residue obtained after cen- 
trifugation at 30,000 x g for 30 minutes was dissolved in 10 ml 
of 0.1 Maammonium acetate, pH 6.9. This product usually had 
a protein concentration of about 3 mg per ml, and its specific 
activity was 1.2 to 1.8; namely, it exchanged 1.2 to 1.8 umoles 
of P,;* into ATP per mg protein per 30 minutes at 25°. Protein 
was estimated spectrophotometrically (8). It could be stored at 
0° for several weeks without significant loss of activity. 

5. Treatment with Anion Exchanger—One volume of the 0.1 m 
ammonium acetate solution containing the enzyme was diluted 
with 4 volumes of water. Dowex 1-X4 (200 to 400 mesh) in the 
chloride form was equilibrated with 0.02 Mm ammonium acetate 
to pH 6.4. A volume of wet resin equal to that of the diluted 
enzyme solution was added, and suspended by stirring. The 
mixture was filtered, and the resin containing the enzyme was 
washed with an equal volume of 0.02 Mammonium acetate. The 
activity was then eluted from the resin with an equal volume of 
0.3 saturated ammonium sulfate at pH 6.5. This procedure gave 
a 3-fold purification over that obtained in Step 4 with a yield of 
70%. However, the protein concentration of the eluate from 
resin was about 0.1 mg per ml and the enzyme preparation ex- 
hibited marked instability. 

The most active enzyme obtained so far had a specific activity 
of 4.5. Such preparations represent a 170- to 250-fold purifica- 
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tion over that of the original aqueous extract from mitochondria 
with an approximately 40% yield of activity. 

An example of the purification of the enzyme is given in 
Table I. 


RESULTS 


Rates of Exchange of ADP®-ATP and P;*-ATP Reactions—lIt 
has been reported previously that the enzyme preparations were 
capable of carrying out an ADP®-ATP and a P,;*-ATP exchange 
(2). In order to determine whether these activities could be sep- 
arated, a comparison was made of the rates of these two reactions 
with enzyme preparations at different stages of purification. 
Even with preparations at the highest level of purification ob- 
tained so far the rates of the two exchange reactions remained 
the same as shown in Table Il. It should be noted that under 
the conditions of assay used to make this comparison, the differ- 
ence in the ATP concentrations used in the ADP®-ATP (1 mM) 
and P,*-ATP (0.3 mM) reaction mixtures (Table Il, Enzyme B) 
did not significantly affect the outcome of these results. 

Position of Label in ATP from ADP® Labeled in Terminal 
Phosphate Group—The reaction sequences given in Scheme [ or 
Il suggest that the incorporation of label from ADP® (A—R— 
P—P®) should occur into the 8-phosphate group of ATP (A— 
R—P—P—P). This can be visualized by following the label 
distribution expected from Equation 1 or 3. 


XP + A—R—P—P*# = X + A—R—P—P*—P 
A—R—P—P®—X + P,=— X + A—R—P—P*"—P 


This type of labeling would be in marked contrast to that ob- 
tained with an adenylate kinase type of reaction where the ATP 
molecule would contain equal amounts of P® in the 8- and y- 


phosphate groups. 
A—R—P—P*# + A—R—P—P* = A—R—P—P*—P* + A—R—P 


This question was examined by the procedures described above 
under methods. The results given in Table III are in agreement 
with the reaction types suggested in Schemes I and II. The 
control experiment with a purified preparation of liver adenylate 
kinase? led to the expected incorporation of label in equal amounts 
in the 8- and y-phosphate groups of ATP, and confirmed the 
validity of the degradation procedure. 

Nucleotide Specificity—It had been previously observed with 
the P,@-ATP exchange reaction that nucleoside triphosphates 
other than ATP did not accept label from P,™ in the presence of 
purified enzyme. Furthermore, the stimulatory activity of ADP 
on the P\®-ATP exchange could not be replaced by other nucleo- 
side diphosphates (1). 

The ADP-ATP exchange reaction exhibited a similar speci- 
fieity. No transfer of label could be found when uridine triphos- 
phate, guanosine triphosphate, inosine triphosphate, or cytosine 
triphosphate was substituted for ATP in the presence of ADP®. 
Substitution with adenosine tetraphosphate showed an exchange 
approximately 25% of that with ATP. However, in this case 
the newly labeled compound was ATP rather than adenosine 
tetraphosphate. The latter was found to be contaminated with 
ATP. 

When ATP® was tested with ADP and other nucleoside di- 
phosphates, exchange was found only with ADP. 


in Prepared by unpublished methods of M. Chiga and G. W. E. 
"laut. 
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Taste I 
Purification of exchange enzyme 
Ten grams of hog liver acetone powder were used. 


Steps Volume Activity | 4 activity 
| % | me | mic 
1. Aqueous extract........... 130 =| 2600 0.027 
2. Protamine precipitation 
Supernatant 120 5.7, 1800 0.002 
Water wash... 94 0.7 &6 0.006 
Ammonium acetate eluate 95 | 108 400 0.19 
3. Second protamine precipi- 
tation 
Supernatant fluid... 90 4 243 0.012 
Water wash... 0 0 0 
Ammonium sulfate eluate 
(0.3 saturation)......_... 48 128 101 0.9 
4. Ammonium sulfate (0.3-0.5 
saturation) 
Supernatant fluid... 67 4.3) 37 0.08 
Precipitate.................| 9.6} 62 34.55 1.3 
5. Resin step 
Supernatant fluid... 50 0 0 0 
Ammonium acetate wash. 50 0 0 0 
Ammonium sulfate eluate | 
(0.3 saturation).......... 50 | 41 6.4 4.5 
II 


Rates of ADP®-ATP and P,*-ATP exchanges 


The standard conditions of assay were used for both reactions 
except as noted. The incubation time was 30 minutes. 


| Exchange rate 
Enzyme specific 


| 


Enzyme | activity ‘Enzyme protein. 
| wie | mumoles P® | mymoles P® 
Be 2 23, 21 
C 1.3 34 


D 4.5 4 19 
* This enzyme was derived from Enzyme D upon aging. 
*’ This was assayed by the ADP-ATP procedure at an ATP 
concentration of 1.0 mM. 


Tasce Ill 
Distribution of P®™ into ATP from ADP® 


Position of group in 
AT 
Nature of enzyme 


Ps P, 
Exchange enzyme*..................... 2910 | 10 
Adenylate kinase... 1058 1102 
Nucleoside diphosphokinase.........._ 2863 | 0 


* Specific activity of the enzyme was 1.3. 


TaBLe IV 
Nucleotide specificity of nucleoside diphosphokinase 

The standard reaction mixture for the ADP-ATP exchange was 
used with ADP*® or IDP®. The substituting unlabeled nucleo- 
side triphosphates were each 1 mm. Enzyme protein was 14 ug 
per assay. All numbers refer to mumoles P® transferred in 60 
minutes from the initially labeled nucleoside diphosphate to the 
formed nucleoside triphosphate. 


P22-labeled nucleotide 
Nucleotide 
 ADP# IDP® 
Uridine triphosphate................. 84 
Guanosine triphosphate............... 49 
Inosine triphosphate.................. 65 48 
Cytosine triphosphate................ 75 
Adenosine tetraphosphate............. 21° 


@ The adenosine tetraphosphate was contaminated with ATP. 
The label from ADP* only appeared in ATP. 


The nucleotide specificity of this enzyme is in marked contrast 
to a nucleoside diphosphokinase activity (6, 9-11) which is also 
present in the initial aqueous extract from hog liver mitochondria. 
The nucleoside diphosphokinase remained in the supernatant 
fluid after the first protamine precipitation step and this activity 
has been purified some 100-fold from the aqueous extract. As 
can be seen in Table [V, this enzyme too can catalyze an ADP- 
ATP exchange. In this case too, the label from ADP® appears 
in the 8-phosphate group of ATP (Table IID. However, the 
substitution of other nucleoside triphosphates for ATP led to 
transfer of P® from the respective radioactive donor compounds 
at roughly comparable rates. The same lack of nucleotide speci- 
ficity was also found in the reaction between AT P® and nucleoside 
diphosphates. Aside from the differences in properties of these 
two enzymes in the protein fractionation and in substrate speci- 


TABLE V 


Rate of ADP®-ATP exchange in absence of added P; and K, of P; 
for ADP®-ATP and P;**-ATP exchanges 


| K, of P;® 
Enzyme specific ADP®-ATP?® 

activity exchange | ADP®-ATP | P,22.ATP 

exchange | exchange 
% | M M 

0.3 81 | 

0.4¢ | 95 | | 

0.454 39 10 | 1.5 x 10° 

0.84 45 | | 

1.1 50 | | 

1.3 33 | | 

4.5 | 9 | 


* The exchange was 100% activity in the presence of 1.5 mm 
Pj in the standard reaction mixture with each enzyme. 

’ The standard assay procedure for ADP-ATP exchange was 
used for both reactions. 

¢ Actual P; concentrations determined were 0.16,m™ in the 
sample without addition of P; and 1.64 mM in the sample with 
added 1.5 mm ' 

4 This enzyme was derived from the preparation with specific 
activity 4.5 by aging. 
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ficity it was found that the nucleoside diphosphokinase did not 
catalyze the P,*-ATP exchange, was activated equally well by 
low concentrations of Mn** and Mg**, and was not affected by 
the same inhibitors as the exchange enzyme. No reaction be- 
tween adenosine 5’-phosphate or uridine 5’-phosphate and ATP® 
could be detected with the exchange enzyme or the nucleoside 
diphosphokinase ; this indicated that both preparations were free 
of adenylate kinase and nucleoside monophosphate kinase (10- 
14) activities. 

Effect of Orthophosphate on ADP-ATP Exchange—It was ob- 
served that with enhanced purification of the P,*-ATP exchange 
enzyme the ADP-ATP exchange became increasingly dependent 
on the presence of orthophosphate in the reaction mixture as 
shown in Table V. At the highest level of purification (specific 
activity, 4.5), far less ADP-ATP exchange was obtained in the 
absence of orthophosphate. Graded responses of the ADP®- 
ATP and P;*-ATP exchanges to varying concentrations of or- 
thophosphate (0.75 to 3 mM) were observed, 
When the results of the effect of orthophosphate concentration 
on the velocity of the ADP®-ATP and P,”-ATP exchanges were 
plotted by the method of Lineweaver and Burk (15), straight 
lines were obtained. The Michaelis constants of orthophosphate 
for the ADP®-ATP and the P,;*-ATP exchange reactions were 
comparable as shown in Table V. However, the A, of ortho- 
phosphate with the enzyme of higher specific activity was some- 
what smaller than that with the enzyme of low specific activity. 
K, of P; for P;-ATP exchange by an enzyme of specific activity 
0.73 was given as 2 X 10-* nm (1). 

The effect of orthophosphate appeared to be specific since this 
requirement could not be replaced by ethylenediaminetetraacetic 
acid, 2 X 10-*m; pyrophosphate, citrate, or cysteine, 1.5 x 10-? 
M; 2 mg per ml of human serum albumin; or 1 mg per ml of gela- 
tin. 

Inhibitors—The effect of a number of substances on both the 
ADP®-ATP and P,;”-ATP exchange activities of purified enzyme 
preparations is given in Table VI. At low concentrations, sulf- 
hydryl-binding agents such as p-hydroxymercuribenzoate, mer- 
curic chloride, and silver nitrate, strongly inhibited both reactions 
to a comparable extent. The inhibition by these reagents could 
be reversed with an excess of cysteine. Cysteine alone occasion- 
ally showed a protective effect at low enzyme protein concentra- 
tions. Similar results have been observed with reduced CoA, 
glutathione, and \V-acetvleysteine at equimolar concentrations. 
Other sulfhydry] reagents, e.g. V-ethylmaleimide and iodoacetate 
did not affect the enzyme. , 

Uncoupling agents of oxidative phosphorylation, such as, 2,4- 
dinitrophenol, Dicumarol, sodium azide, and oligomycin (16)* 
did not significantly inhibit the enzyme. However, arsenate 
(17) strongly inhibited both exchange reactions. In view of the 
possible competition between P, and arsenate, attempts were 
made to determine the type of inhibition involved. It should be 
noted that the choice of concentrations of orthophosphate and of 
arsenate is complicated by the fact that all of the components of 
the reaction mixture (ATP, ADP, P,, and arsenate) are capable 
of binding the essential metal activator, Mn**. Nevertheless, 
a competitive relationship in the case of the P,”-ATP exchange 
was found at concentrations of orthophosphate between 0.75 X 
10-* m and 3 X& 10-* w and with levels of arsenate ranging from 
2x 10-*mto8 the A, being7 10-5. results 
are shown in Fig. 1. 


* Kindly donated by Dr. H. A. Lardy. 
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Taste VI 
Effect of inhibitors on exchange enzyme 
The inhibitors (pH 6.7) and the enzyme (specific activity 0.45 
to 1.3) were preincubated for 10 minutes before the addition of the 
rest of the standard reaction mixture components. 


Inhibition 
Inhibitor Concentration ~~ 
| Pi®-ATP 
p-Hydroxymercuribenzoate 5 xX lo’ 92 99 
p-Hydroxymercuribenzoate + 
cysteine’ 12 20 
HgCl. 5 S6 
HeCl. + cysteine’ 10 30 
AgNO, 5 2 | 
AgNO, + cysteine’. 10 30 
V-Ethylmaleimide..... 1x 0 0 
lodvacetate 1x lo? 12 16 
Arsenate 1 xX 10°? 73 93 
2,4-Dinitrophenol 1x lo? 10 
Oligomycin...... 3.3° | 11 


— 


* Stimulation. 

>’ The concentrations were the same as those for the substances 
tested individually. However, cysteine was added after the pre- 
incubation period with the inhibitors. 

‘ye per ml. 


The ADP®-ATP exchange was also studied at the same con- 
centration ranges of P, and arsenate. Straight lines were ob- 
tained with a Lineweaver-Burk plot; however, they did not con- 
verge at the ordinate. Since the ADP®-ATP exchange assay is 
less accurate thanthat used forthe P,”-ATP exchange, one cannot 
be certain whether a strictly competitive relationship between 
P, and arsenate also holds for the ADP®-ATP exchange. How- 
ever, the inhibition by arsenate was at least partially reversed by 
increasing the phosphate concentration. 

Metal Ion Requirement—As shown in Fig. 2, both exchange re- 
actions were activated by Mn**. However, Mg** was a poor 
activator and its maximal effect at a much higher concentration 
was still far below that of Mn**. No synergistic effect of Mn*’ 
and Mg** was observed. Ata concentration of 2 mm, Co** and 
Fe** were approximately 40% and 10% as effective, respec- 
tively, as Mn**. No significant activation could be detected 
with Ca**, Cd**, Ni**, or Zn**. 

Though both exchange reactions can be activated to an equal 
maximal extent by Mn**, it should be noted that the degree of 
activation is not the same for both at lower levels of the metal 
ion. For example, at 0.5 wmoles per ml of Mn** the P;*-ATP 
reaction proceeds at only 21 to 23% of optimal rate whereas the 
ADP®-ATP exchange is almost at the maximal rate. These re- 
sponses may be reflections of the different degrees of binding of 
the metal at different sites of the protein(s), by the nucleotides, 
and by P,. This question has not been examined in detail; how- 
ever, no significant difference in response of the P,;-ATP exchange 
to Mn** was found at two levels of ATP (0.3 mM and 1 mM) as 
shown in Fig. 2. 

Attempts to Differentiate ADP®-ATP and P”-ATP Exchange 
Enzyme from Other Activities Exhibiting These Reactions—The 


M. Chiga and G. W. E. Plaut 
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Fic. 1. The effect of varying P; concentration in the presence 
and absence of added arsenate on the P\;"-ATP exchange. The 
enzyme with a specific activity of 0.45 was derived from the one 
with specific activity 4.5 upon aging. The standard assay pro- 
cedure for ADP-ATP exchange was adapted for P ;**-ATP exchange 
assay. @, no added arsenate; X,2 10°‘ arsenate; O,4 10-4 
M arsenate; 4,8 X 10°‘ M arsenate. 


100r- 


SOF 


ACTIVATION, per cent 


0.) 02 0.5 2 5 Te) 20 40 
CONCENTRATION, uamoles per mi * 


Fig. 2. Effect of Mn** and Mg** concentration on ADP-ATP 
and P,\-ATP exchange rates. @&, ADP-ATP exchange, Mg** ac- 
tivation; @, P\|-ATP exchange, Mg** activation; 0, ADP-ATP 
exchange, Mn** activation; O, P\;-ATP exchange, Mn** activa- 
tion; 4, P\-ATP exchange, Mn** activation, the reaction mixture 
contained 1 mm ATP as in the ADP-ATP exchange assay instead 
of 03 mm ATP. 

All assays were done by standard methods for both exchanges 
unless otherwise indicated; but the metal ion concentrations were 
varied. The same results were obtained with two enzyme prep- 
arations, specific activities 1.3 and 0.45, respectively. Mn** at 
5 wmoles per ml occasionally caused precipitation; therefore, the 
Mn** effect was studied at or below 2 uwmoles per ml. 

* Concentration is plotted on log scale. 


lack of effect on the P,;*-ATP exchange of the addition of gluta- 
thione, glutamine, sodium bicarbonate, arginine, citrulline, suc- 
cinate plus CoA, and others was reported previously (1). Boyer 
et al. (18) have pointed out the difficulties of predicting the effect 
of the concentrations of components of a synthetic system, such 
as glutamine synthesis on the rates of the accompanying P;*- 
ATP exchange. For this reason, the possibility that the P;*- 
ATP reaction here is part of a known synthetic reaction was 
studied by searching for the liberation of P;*? from ATP® upon 
the addition of a number of substances to the system. This 
technique should be a very sensitive one since the appearance of 
P* is easily detectable and the purified exchange enzyme does 
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not exhibit adenosine triphosphatase activity. With the stand- 
ard medium for the study of the ADP-ATP exchange, except for 
the omission of orthophosphate and ADP, no liberation of P;* 
from ATP® was observed in the attempted synthesis of succiny]- 
CoA, y-glutamy] cysteine, and glutamine. Similarly, the addi- 
tion of citrate plus CoA was without effect. The enzyme did not 
show hexokinase activity. Thus, the ADP-ATP and/or P;-ATP 
exchanges observed with the “P-enzyme”’ (19, 20), glutamine 
synthetase (21, 22), glutathione synthetase (23, 24), citrate- 
ATP-CoA enzyme (25), and the ADP-ATP exchange of hexo- 
kinase (20) appear to be unrelated to this exchange enzyme. 


The ADP-ATP exchange activity catalyzed by nucleoside di- 


phosphokinase occurring in extracts of mitochondria, was differ- 
entiated from that of the exchange enzyme based on nucleotide 
specificity and other characteristics described in the previous sec- 
tion. 

The interesting ATP-ADP exchange enzyme of oxidative phos- 
phorylation reported by Wadkins and Lehninger (26, 27) also 
seems to differ from the exchange enzyme reported in this com- 
munication since their enzyme showed no P;*-ATP exchange, 
the ADP-ATP exchange was not dependent on P;, and it was 
activated equally well by Mg** and Mn**. 


Distribution of Exchange Enzyme in Various Cell Fractions of 


Rat Liver—The exchange enzyme, so far, has always been pre- 
pared from mitochondria; however, it was not certain whether 
this is the only portion of the cell in which this activity occurs. 
A search for this enzyme in other homogenate fractions was made; 
but the interpretation of the results obtained is complicated 
by the presence of the multitude of other enzyme systems 
capable of fixing P;* into organic compounds. However, the re- 
sults obtained do suggest that the mitochondria are the principal 
site of the exchange enzyme. 

Rat liver homogenates were prepared and fractionated into 
mitochondria, microsomes, nuclei, and supernatant by the 
method of Schneider (28). Each fraction was treated with ace- 
tone and the resulting powders were treated with amounts of 
water equivalent to the original tissue wet weight. In the case of 
the supernatant fraction, 5 times as much water was used for the 
extraction. The activity was examined in the standard P,®- 
ATP reaction mixture by the molybdate extraction procedure 
for the detection of organically bound P®. 

It was found that the supernatant fluid from the homogenate, 
which was dialyzed against 0.1 M ammonium acetate for 24 hours, 
incorporated P® mainly into compounds stable to acid hydrolysis 
which corresponded to glucose 6-phosphate and ribose 5-phos- 
phate by paper chromatography. lodoacetate did not depress 
the incorporation of P ;** into these compounds thereby excluding 
glyceraldehyde phosphate dehydrogenase as the site mainly re- 
sponsible for the phosphate fixation. It was considered possible 
that label in glucose 6-phosphate could arise from a P,*-ATP 
exchange followed by phosphorylation of glucose by the ATP” 
thus formed by way of hexokinase. Under such circumstances 
the addition of excess glucose 6-phosphate might be expected to 
depress the hexokinase reaction (29) and thereby decrease the 
labeling obtained with P;*. No such inhibition by added glu- 
cose 6-phosphate was found. The presence of ATP or ADP in 
the medium was essential for the incorporation of P® into the 
ribose 5-phosphate and glucose 6-phosphatelike substances; how- 
ever, this effect could be replaced by the addition of an equimolar 
quantity of adenosine 5’-phosphate or of adenosine instead of the 
nucleoside polyphosphates. These observations suggested that 
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the P,;* incorporation by the supernatant fraction was not due to 
the exchange enzyme, but possibly due to the combined action 
of phosphatases, nucleoside phosphorylase, and phosphogluco. 
mutase. An attempt to purify the exchange enzyme from this 
fraction failed. 

The microsomes had very little exchange enzyme activity; but 
the nuclei showed a significant amount, though less than that of 
the mitochondria. Adenosine could not replace the effect of 
ATP and ADP in the nuclear extract. Since nuclei prepared by 
this method are known to be contaminated with mitochondrig 
(28) it is likely that the exchange enzyme activity of this fraction 
is attributable to the mitochondria it contained. The present 
preparation also was found to be contaminated with mitochon. 
dria since it exhibited substantial succinic dehydrogenase activity 
with tetrazolium blue as the electron acceptor. 


DISCUSSION 


The finding that the purified enzyme system capable of carry. 
ing out the P\-ATP exchange reaction can also catalyze an ADP.- 
ATP exchange provides direct evidence that ADP is a participant 
in the P\-ATP exchange. This is in agreement with the previous 
observation that ADP markedly stimulates the incorporation of 
P,* into the terminal phosphate group of ATP (1). The close 
relationship between the ADP-ATP and the P,-ATP exchange 
reactions catalyzed by this enzyme system is supported by a 
number of other observations: (a) The rates of the two exchange 
reactions are about equal when tested with enzyme preparations 
at several levels of purification (specific activities from 0.3 to 4.5). 
(6) A number of inhibitors affect the rates of both reactions about 
equally. (c) The requirement for ADP and ATP in both reac- 
tions is specific and cannot be replaced by other nucleosides or 
nucleotides. (d) Just as ADP is necessary for maximal P,-ATP 
exchange, it has been found that P, is required for the ADP-ATP 
reaction. (e) Arsenate inhibits both reactions equally and this 
effect can be reversed by orthophosphate. The reversal is com- 
petitive in the case of the P,*-ATP exchange. (f) Metal ions 
which activate the P,;-ATP exchange also produce a response in 
the ADP-ATP reaction. 

In view of these interrelationships it would be tempting to be- 
lieve that both activities reside in the same protein molecule. 
However, in the absence of physicochemical data such a specula- 
tion is premature. 

Regardless of whether these activities are catalyzed by the 
same or several protein molecules, it would be of interest to de- 
termine from the available data whether one can deduce the type 
of reaction carried out by the system. The observation that 
ADP stimulates the P;*-ATP exchange and the present evidence 
that the system can catalyze an ADP®-ATP exchange resulting 
in the labeling of the 8-phosphate of ATP is in favor of the reac- 
tion type of Scheme I (Equations 1 and 2) rather than that of 
Scheme II (Equations 3 and 4) because it is simple to visualize 
that the incorporation of P, into ATP by way of XP (Equation 
2) would be facilitated by the addition of ADP which is a par- 
ticipant in the reaction (Equation 1). Whereas, according to 
Equation 3 of Scheme II, ADP would not be a participant in 
P,-ATP exchange. On the other hand, P, would not be expected 
to be required for the ADP-ATP exchange according to Equation 
1, but should be an obligatory component of the system for this 
reaction in Scheme II since it is a reactant in Equation 3. There- 
fore, in trying to decide between the reaction types outlined in 
Schemes I and II it seems that the requirements for ADP for the 
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p,-ATP exchange and of P, for the ADP-ATP reaction are con- 
tradictory, and that neither scheme may explain the exchange 
reactions observed. It could be argued that Scheme I is correct, 
and that the role of P, is an unspecific one. For example, the 
greater response of the ADP-ATP exchange as compared to the 
p-ATP reaction at low concentrations of Mn** (Fig. 2) may be 
in favor of such a view. However, the inability to replace P, 
with a number of enzyme protective agents (cysteine, serum al- 
humin, gelatin), the relationship between arsenate and P, for 
hoth exchanges and the remarkable agreement of the values of 
the Michaelis constant of P, as measured with the same enzymes 
in the P,- ATP and the ADP-ATP reactions speak against such 
an explanation. There are, however, certain experimental ob- 
servations which may have a bearing on the ultimate resolution 
of the present dilemma. Although it is a simple matter to show 
a requirement for ADP for the P,-ATP exchange system at every 
stage of enzyme purity (1) this is not the case for the effect of 
P. onthe ADP-ATP reaction. In fact, it has only been possible 
to demonstrate clearly this orthophosphate requirement with 
more highly purified enzyme preparations. The Michaelis con- 
stants for P, for both the ADP-ATP and the P\-ATP exchange 
reactions varied in the same way depending on the specific ac- 
tivity of the enzyme preparation; e.g. the values for A, at the 
higher specific activity are, curiously, lower than those found 
with the less active preparation. These relationships have been 
summarized in Table V. It seems possible that contamination 
with other enzymes capable of carrying out an ADP-ATP ex- 
change in the absence of P, is responsible for the variations in 
response to P,. This explanation appears not to be tenable for 
a number of reasons: (a) the enzyme preparations under con- 
sideration did not contain nucleoside diphosphokinase; (6) the 
ATP-ADP exchange enzyme of Wadkins and Lehninger which is 
activated by Mg** as well as Mn** (26, 27) appeared also to be 
absent: (c) the ratios of the rates of the P,"-ATP versus that of 
the ADP-ATP exchange were the same (Table I1); and (d) merely 
inactivating the same enzyme at a high level of purification from 
a specific activity of 4.5 to 0.45 caused a rise in the relative rate 
of the ADP-ATP exchange in the absence of P; (Table V). This 
loss in activity upon aging too is not accompanied by a change 
in the relative rates of the two exchange activities (Table II, 
Enzymes B and D). An explanation of these phenomena may 
lead to a clarification of the mechanism of the exchange reac- 
tions. 

The exchange reaction may reflect an important activity in 
mitochondria since the P\*-ATP exchange enzyme accounts for 
practically all of this activity in the aqueous extract from mito- 
chondria. The ADP®-ATP reaction of the exchange enzyme, 
however, accounts for no more than 10% of this activity in the 
original extract while nucleoside diphosphokinase is responsible 
for nearly 90%.° 


SUMMARY 


1. An enzyme system responsible for the orthophosphate (P,)- 
adenosine triphosphate (ATP) exchange reaction of the mito- 


* The adenylate kinase present in the extract was inhibited 
with a combination of fluoride and AMP (30) in these experiments. 
The amount of adenylate kinase activity was also estimated sep- 
arately by measurement of the level of incorporation of P™ into 
the terminal phosphate group of ATP from ADP®. 
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chondrial extract of hog liver was purified 170- to 250-fold. The 
purified enzyme catalyzes an adenosine diphosphate (ADP)- 
ATP exchange as well as the P\;-ATP exchange at about equal 
rates. 

2. The enzyme has also been extracted from mitochondria of 
guinea pig and rat liver, and from beef heart. Examination of 
various fractions of rat liver homogenate indicates that the en- 
zyme is found mainly in the mitochondria. 

3. The enzyme is activated by Mn**, and to a lesser extent by 
Co**. Mg** is much less effective than Mn**. 

4. The ADP-ATP exchange is dependent upon orthophos- 
phate and the P,-ATP exchange requires the presence of ADP. 

5. Both exchange reactions are inhibited by p-hydroxymer- 
curibenzoate, mercuric chloride, and silver nitrate. The inhi- 
bition by these agents can be reversed by excess cysteine. 
Various well known uncoupling agents of oxidative phosphoryla- 
tion are ineffective. However, arsenate is an effective inhibitor 
of both exchange reactions. The arsenate inhibition is par- 
tially reversed by orthophosphate, the reversal being of the 
competitive type in the P\;-ATP exchange. 

6. This exchange enzyme has been differentiated from a num- 
ber of other enzymes possessing similar activities. One of these, 
a nucleoside diphosphokinase, also present in extracts from mito- 
chondria, can carry out an ADP-ATP exchange but not the 
P,-ATP reaction. This nucleoside diphosphokinase does not 
possess the strict adenosine nucleotide specificity exhibited by 
the exchange enzyme, and differs furthermore by being acti- 
vated by both Mg** and Mn**. 
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